
1,Y 
Vol. 40 NOVEMBER, 1952 No. II 

Proceed in gs 
nR(.1)E  of  the  I R# E 

TRANSISTOR ISSUE 

Atomic Structure of Germanium Crystal 

IN THIS ISSUE 

Forty-Eight Transistor Papers on the Following Topics: 

Physics of Transistors 

Transistor Materials 

Construction of Transistors 

11•11 Syst,on Terhnical Jourraol 

Operating Characteristics of Transistors 

Transistor Applications 

Transistor Circuitry 

Table of Contents, Indicated by Black-and-White Margin. Follows Page 64A 

The Institute of Radio Engineers 



Smaller...Stronger...Better... 

Mechanically and Electrically 

1 1-1(1 AMPEREX 
5894-A 

UHF and VHF Tw in Tetro de 

For W-I-D-E Band Op era tion  

5894-A CHARACTERISTICS 

250 mc   85 watts output 
500 mc   45 watts output 

Filament Current 
Series 

6.3v.  Parallel 

-se  • • Voltage 
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,..Fent 

V. SO, 1,-1 

12.6v. 

600 
250 

—175 
2 x 20 
2 x 100 
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1 en 

PER UNIT 
Grid to Plate <0 08 rnfnfd 
Input 10 5 ',tint() 
Output  3.2 mmfd 

MOUNTING POSITION • Bose up 
or down. Horizontal with anode 
!nods ,n hor,r0ntn1 plan. 

RF Amplifier, Modulator, Frequency Doubler, Tripler 

Our earlier version, the AMPEREX AX-9903/5894 gained 

such immediate and universal acceptance with equipment 

manufacturers, users and engineers that it supplanted the 

standard 8298 tube in almost all instances where its slightly 
greater height was not a deterring factor. 

Now the new AMPEREX 5894-A does everything 

that the AX-9903,'5894 did ... does it better 

... and is reduced in height to the size of 
the 829B. 

IMPROVED HF PERFORMANCE  The Cathode and Grid 

structure is supported at the TOP as well as the bottom of 

the tube. Being thus held in exact vertical alignment with 

the plates, the two sections of the tube are in closer electrical 
balance. 

PHYSICALLY STRONGER*  This new type of construction 

• . . coupled with the fact that anode seal strength has been 

increased by replacing the top section of the tube with a 

powdered glass seal ... encbles the tube to withstand greater 
shock and vibration. 

'With this new construction the maximum force on the ends of the 

anode pins perpendicular to the pin axis is about 14 1/2  pounds. 

WITH  GREATER  FORCE THE  PINS  BEND  WITHOUT  FORMING 

CRACKS IN THE GLASS. 

aniviciew 
— 1r—  IF 

See these new tubes at leading Jobbers everywhere, 

or write for data sheetz. 

Re-tube with AMPEREX 

AMPEREX ELECTRONIC CORP. 
230 DUFFY AVENUE, HICKSVILLE, LONG ISLAND, N. Y. 
In Canada and Newfoundland: Rogers Majestic Limited 

11.19 Brentcloffe Road, Leaside, Toronto, Ontario, Canada 

Cable: "AMPRONICS-



The Radio-Electronics Industry 
between covers 

26,500 

Copies to 

Members 

A:10
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834 Pages 

Weighs 41/2  lbs. 

Achievement: From a strictly prac-
tical standpoint, here is the working in-
formation on an entire industry, wrapped 
up in one book for engineers, and pro-
vided by engineers and their firms. 

Men —Firms--Products: All three 
make the radio-electronic industry, and 
all three are listed and well organized in 
the annual IRE DIRECTORY. Here is 
a service supplied to 26,500 IRE mem-
bers which is of tremendous practical 
value. 

10 Product Directories in One: 
So vast are the applications of radio 
today that the electronic equipment 
buyer needs not one, but ten directories, 
but with the convenience of one binding. 
The IRE DIRECTORY sensibly organ-
izes products into these great groups: 
Audio,  Broadcast,  Communications, 
Components, Applications of Electron-
ics, Radar, Services & Raw Materials, 
Testing Equipment, Education, Distrib-
utors. 

Classified for Use: An almost un-
believably complex industry has been 
organized, coded, simplified, and "in-
dexed for use" in this book. Advertising 
adds vital and specific working informa-
tion to these indexes. It is the kind of 
information an engineer knows how to 
use! 

BUDGET! Order advertising now! 

IRE DIRECTORY advertising will 

reach 30,000 engineers in the 1953 issue. 

Rates are only $360 a page, to $60, 1/6 pasTe. 

\ The Institute of Radio Engine ers 
Adv. Dept., 303 West 42nd Street, New York 36, N.Y. 
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FLUOROFLEr-T 
for 

TEFLON* 
with the 

optimum performance 
you're looking for 

"Teflon" powder is converted into 
Fluoroflex-T rod, sheet and tube under 
rigid control, on specially designed 
equipment, to develop optimum inert-
ness and stability in this material. You 
can be sure of ideal, low loss insulation 
for uhf and microwave applications... 
components which are impervious to 
virtually every known chemical... and 
serviceability through temperatures 
from — 90°F to +500°F. 

Produced in uniform diameters, 
Fluoroflex-T rods feed properly in 
automatic screw machines without the 
costly time and material waste of cen-
terless grinding. Tubes are concentric 
— permitting easier boring and ream-
ing. Parts are free from internal strain, 
cracks, or porosity. This means fewer 
rejects, longer service life. 

Mail in the coupon for more data. 

*Du Pont trade mark for its tetrafluoro-
ethylene resin. tFIuoroffex is a Resistoflex 
registered trade mark for products made 
from fluorocarbon resins. 

RESISTOFLEX 
RES I STOFLEX CORPORATION, Belleville 9, N. .1.  I-11 

SEND NE W BULLETIN containing technical data and information on Fluoroflex-T 

MANE  
TITLE   

COMPANY   

ADDRESS 

I.   

2A 

Meetings 
with Exhibits 
• As a service both to Members 

and the industry, we will en-
deavor to record in this column 

each month those meetings of 
IRE, its sections and professional 
groups which include exhibits. 

a 

December 10, 11 & 12, 1952 
Joint IRE-AIEE Computers Con-
ference Park Sheraton Hotel 

Exhibits: Perry Crawford, 373 Fourth 
Avenue, New York City. 

A 

January 26, 27, 1953 

1953 7th Reg  1 IRE Confer-
ence, University of New Mexico, 
Albuquerque, N.M. 

Exhibits: Hoyt Westcott, 107 Se.. 
Washington St., Albuquerque, N.M. 

Chairman: C. W. Carnahan, 3169 
41st Place, Sandia Base, Albuquer-
que. 

A 

February .5, 6 & 7, 1953 

Southwestern  IRE  Conference 
Plaza Hotel, San Antonio, Tex. 

Accept Exhibits 

A 

March 23, 24, 25 & 26, 1953 
Radio Engineering Show Grand 
Central l'alace, New York City 

Exhibits Manager: Wm. C. Copp, 303 
W. 42nd St., New York 36, N.). 

April II, 1953 

NEREM —New England  Radio 
Engineering Meeting, University 
of Connecticut, Storrs, Conn. 

Exhibits: H. W. Sundius, The South. 
ern New England Tel. Co., 227 
Church St., New Haven, Conn. 

April 18, 1953 

Spring Technical Conference of 
the Cincinnati Section, Cincin-
nati, Ohio 

Exhibits: R. W Lehman, Baldwin 
Piano Co., 1801 Gilbert Ave., Cin-
cinnati 2, Ohio 

A 

May 11, 12 & 13, 1953 

National Conference on Airborne 
Electronics Hotel Biltmore, Day-
ton, Ohio. 

Exhibits:  Paul  D. Hauser,  1430 
Gascho Drive, Dayton 3. 
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The NEW Collins Mechanical Filter.. • 
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SELECTIVITY  CHARACTERISTICS 

COMPARISON OF COLLINS  MECHANICAL  FILTER  AND 

I F STRIP USING  TEN  CASCADE  TUNED  CIRCUITS 

- 6 015 - - 2.1 KC 5.2 KC - 

6 72 KC 

  9 5KC 

450  452  454  456  456 

FREQUENCY —  KI LOCYCLES 

SPECIFI C ATI O NS 

Operating Frequency   455 kc 
Nominal Band Width  3 kc 
Peak to Valley Ratio  1  5 db 
Insertion Loss    26 db 
Overload Input Power Level   .035 watt 
Operating Temperature Range (without 
temperature compensation)  15°C to 80°C 

Vibration  Satisfies Requirements of Army 
Navy Specification AN-E-19 

Case Size  1" x 15/16" x 2-13/16" 
(Filter Shown with Hermetically Sealed Shield 
Removed) 

Input and Output Impedance  6,500 ohms 

Engineering samples are now available. For complete technical 
data and price information, use the convenient coupon below: 

A.NOTHER outstanding result of Collins Research and 
Development — the Mechanical Filter — has been en-
gineered to fill a long-standing need in the field of 
electronics for a compact, permanently tuned band pass 
filter for intermediate frequency amplifier applications. 
Mechanical elements of the Collins Filter provide selec-
tivity characteristics approximating the ideal rectangular 
shape needed for very close spacing of adjacent voice 
communication channels. Space requirements are reduced 
to a minimum with this hermetically sealed component 
that requires no adjustment. 
Production of the Collins Mechanical Filter in quantity 

is going ahead at an increased rate in anticipation of the 
many applications in industry for which this NE W Filter 
will be found ideally suited. Characteristics of Filters 
in current production are shown in the specifications 
below. Filters having other characteristics are in devel-
opment and will be announced in the future. 

Collins Radio Company (Dept. 23) 
Cedar Rapids, Iowa 
Please send complete Information on The Collins Mechanical Filter. 

NA ME   

TITLE   

ADDRESS OR FIR NI 

Crry  
1 _ 

L „  W. 42nd Street, NE W YORK 36 

11 'II 

For advanced electronic development, it's . . . 

COLLINS RADIO CO MPANY, Cedar Rapids, Iowa 

1930 Hi-Line Drive, DALLAS 2  2700 W. Olive Avenue, BURBA NK 
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THIS 

ELECTRONIC NOSE 

SNIFFS OUT 

LEAKS 

AFTER years of buffeting by the wind, even 
tough telephone cable sometimes shows its age. Here 

and there the lead sheath may crack from fatigue or 

wear through at support points. Before moisture can 

enter to damage vital insulation, leaks must be located 
and sealed. 

To speed detection, Bell Laboratories scientists 
constructed an electronic nose which snifts out the leaks. 

Using an electrically operated element developed by the 

Starting electronic nose on 
its way. It is pulled from pole 

to pole by line extending 
toward the ground. Previously 

workmen had to paint the 

cable with soap solution, so bubbles 

would disclose leaks. 

For test, the cable is cleared of pro-

tective nitrogen or air, and filled 

with Freon gas. Case at left collects 

escaping gas which operates Freon-

sensitive detector underneath. At 

points where Freon escapes through 

sheath cracks, the box at right —a 

combined control unit and power 

supply—rings a bell. Workmen mark 

the point of leak for later repair. 

General Electric Company, the device detects leaks of 

as little as 1/100 cubic foot per day. .Sheath inspection 

can be stepped up to 120 feet per minute. 

Thus Bell scientists add findings in other fields to 

their own original research in ways to make your tele-

phone system serve you better. On the other hand their 

discoveries are often used by other industries. Sharing 

of scientific information adds greatly to the over-all 
scientific and technological strength of America. 

BELL TELEPH O NE LAB ORAT ORIES 
Improving telephone service for America provides careers for creative men in scientific and technical fields 



A complete line of tube sockets including sub-minia-
ture types is available in Mycalex 410 and Mycalex 
410X glass-bonded mica insulation. Comparative in 
cost to ordinary phenolic sockets they are far 
superior in every respect. Dimensional accuracy is 
unexcelled. For complete information on standard 

SINCE 1919 

cp 
THE  INS ULATOR 

Engineere today for your needs tomorrow! 

Mycalex 410 
Transistor Socket 
shown actual size 

Mycalex 410  1% 
Transistor Socket 
enlarged to 
show detail 

The production of IlAyealeln 
Transistor Sockets is a real 
accomplishment of  Pr•cisian 
molding in roiniatur•. Th• 
holes for th• leads ar• the 
smallest sinear rnold•d. All 
toleranc•s ar• •sc••dingly 
close.  Mycaley  production 
engineers are proud of their 
achisrem•nt . . particularly 

because low•cost. mass pro• 
duction trachniqu•s can bet 

adhered to. 

PRECISION-MOLDED MYCALEX 410 

TRANSISTOR SOCKETS 
—now in the pilot production stage 
engineered in advance of actual need 
In keeping with the MYCALEX policy 

of progressive design in advance of needs, 
these Transistor Sockets were engineered 
months ago and are now in small scale 
pilot production. They'll be available 
in quantity in advance of actual needs. 

The body is precision-molded of MYCALEX 
410, glass-bonded mica insulation for last-
ing dimensional stability, low dielectric 
loss, immunity to high temperature and 
humidity exposure combined with maxi-
mum mechanical strength. The loss factor 
is only 0.014 at 1 MC and dielectric 
strength is 400 volts/mil. 

Contacts can be supplied in brass or beryl-
lium copper. The sockets are readily solder-
able. The socket bodies will not warp or 
crack when subjected to high soldering 
temperature. They function in ambient 
temperatures up to 700° F. 

1110111111111111111111111111L.... 

Mycalex Low-loss Tube Sockets and Multiple Headers 
and custom Tube Sockets or Multiple Headers, call, 
wire or write ... there is no obligation, of course. 

MYCALEX TUBE SOCKET CORPORATION 
Under Exclusive License of Mycalex Corporation of ARIlifiC0 

30 ROCKEFELLER PLAZA, NE W YORK 20, N.Y. 

MYCALEX CORPORATION OF AMERICA 
, 

Executive Offices: 30 ROCKEFELLER PLAZA, NEW YORK 20—Plant 131seral Offices: CLIFTON, N. J. 

5A 
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Communication Products Company • Inc 

7 7 ,09A Witea9 

We're on the march with 

Popular size Styroflex 

Coaxial Cables, now available, include— 
OUTSIDE 
DIAMETER 

1/2 " 

1/4 " 

1- 1/4 " 

1-1/4 " 

1- 1/4 " 

3-1/4 " 

1/2" 

3/4" 

INNER CONDUCTOR  APPROXIMATE WEIGHT PER 1000 FEET 
TYPE NET GROSS 

50 OHM IMPEDANCE   

SOLID 161 497  

SOLID 370 706 

SOLID 484 862  

TUBE 500 1185  
TUBE 914 1719  

TUBE  2728  8682  

70 OH M IMPEDANCE   

SOLID 
121  457 

 SOLID  276  612 
1/4 " SOLID 349 727 

1-'4" SOLID   
520 1205  

TUBE 
3- 1/4 "  TUBE 

1/2 " 

3- 1/2 " 

786  1591 

2540  8440 
77.5 OH M IMPEDANCE   

SOLID 

SOLID 

SOLID 

SOLID 

SOLID 

TUBE 

114  450 

249 585 
316 

470 

950 

2460 

694 

1155 

1755 

8360 

6A 
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Styroflex Coaxial Cable 

Now come to us for small or large quantities of Styroflex 
coaxial cable. We are ready to fill your needs with this new 
aluminum sheath cable as distributors for the producers 
— Phelps Dodge Copper Products Corporation. 

We stock Styroflex cable for immediate shipment from 
our plant cut to length, supplied in coils or on reels, formed, 
fitted or otherwise fabricated to your requirements. 
We have developed a line of fittings for Styroflex cable 
soon to be available. 

For a full description of Styroflex cable or its fittings send 
for technical literature which will be mailed at once. It 
includes data on losses throughout the VHF, UHF 
and Microwave ranges to 8000 megacycles. A price 
list is included. 

COMMUNICATION PRODUCTS 
COMPANY • Inc MARLBORO, NE W JERSEY Telephone: FReehold 8.1880 

PROCEEDINGS OF THE I.R.E.  November, 19!2 
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SILECTRON C-CORES... BIG or LITTLE 9 
...anyquantity and any size 

W el ,  41 , 1 

For users operating on government schedules, Arnold is now produc-
ing C-Cores wound from 1/4, 1/2, 1, 2, 4 and 12-mil Silectron strip. 
The ultra-thin oriented silicon steel strip is rolled to exacting toler-
ances in our own plant on precision cold-reducing equipment of the 
most modern type. Winding of cores, processing of butt joints, etc. 
are carefully controlled, assuring the lowest possible core losses, and 
freedom from short-circuiting of the laminations. 
We can offer prompt delivery in production quantities—and size is 

no object, from a fraction of an ounce to C-Cores of 200 pounds or more. 
Rigid standard tests—and special electrical tests where required—give 
you assurance of the highest quality in all gauges. • Your inquiries 
are invited. 

THE ARNOLD ENGINEERING COMPANY 
SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION 

General Office & Plant: Marengo, Illinois 

8A 
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HERE'S THE FASTEST, 

EASIEST WAY TO 

GET ELECTRONIC 

COMPONENTS IN 

AN EMERGENCY 

When you need resistors in a hurry—for 
maintenance, experimental work, or pilot 

runs . • • 

Pick up your phone and call your 

nearest !RC Distributor! 

You'll save yourself worry and trouble— 
red tape and long delivery cycles. For your 
IRC Distributor has the standard resistors 
you need right on his shelf! IRC's Industrial 
Service Plan keeps him amply stocked for 

prompt delivery of emergency quantities. 

There are other advantages, too ... Your 

IRC Distributor can often act as counsellor 
on problems of parts with which you may 
not be familiar. And he's often able to get 
parts which you can't obtain elsewhere. 

All in all, your IRC Distributor is a handy 
man to know. If you haven't met him, just 
let us know. We'll be glad to send you his 

name and address. 

INTERNATIONAL 
RESISTANCE CO MPANY 
Dept. B, 405 N. Broad Street —Philadelphia 8, Pa. 

In Canada: International Resistance Co., Ltd., Toronto, Licensee 

Witompvt, -tke, Gaud, Sat- -vw-

'IA 
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M ALLORY 

electrolytic 

capacitors 

JAN C-62 types 

For use in military electronic equipment, Mallory manufactures a 
line of electrolytic capacitors which will meet the requirements of 
Specification JAN C-62. Included in the Mallory line is the full 
selection of standard case styles, ratings and characteristics required 
under the specification. 

Into these military-type capacitors go the same engineering know-how 
and production craftsmanship which have made Mallory capacitors 
the standard of quality in the radio and television industry. 

Look to Mallory for all your capacitor needs ... whether for military 
or for civilian applieations. 

P.R. MALLORY  CO..Inc MALLORY. 

New Folder Outlines 

JAN Capacitor Types 

ric%s 1,,lder, available on 
request, condenses the 
information on type  - 
designations of all electrolytic 
capacitors covered by 
JAN C-62, to convenient, 
easy-to-read chart form. 
It's an ideal reference for 
everyone who specifies or uses 
electrolytic capacitor... 
Write to Mallory for 
your copy today. 

SERVING INDUSTRY WITH THESE PR ODUCTS: 

Electromechanical  Resistors • Switches • Television Tuners • Vibrators 

Electrochemical —Capacito rs • Rectifiers • Mercury Dry Batteries 

M etepurgical — Contacts•Special Metals and Ceramics • Welding Materials 

. M ALL ORY  &  CO.,  INC.,  IN DI A N A P O LI S  6,  IN DI A N A 

:OA 
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ENGINEERED TO MEET 

ELECTRONICS' 

TOUGHEST ASSIGNMENTS 

Sylvania 
Premium-Performance 
Subminiatures meet 

requirements 
of U. S. Armed Services 

SYLVANIA proudly offers Premium-Per-
formance Subminiature Tubes to meet 

your toughest application assignments in 
both military and civilian equipment. 
These tubes are rugged plus! They're 
precision engineered and quality tested 
for maximum dependability under condi-
tions of high shock, vibration, and tem-
perature. The long life of these tubes is 
further assured by a special Sylvania 
"burn-in" process before testing. 
Developed by Sylvania scientists espe-

cially for the U. S. Armed Services, these 
premium tubes are designed for a life ex-
pectancy (80% minimum, average life) of 
5000 hours, under test conditions, in an 
ambient temperature of 30°C. 

So, if you are looking for really rugged 
tubes with proved ability to fight off vibra-
tion and shock, be sure to specify Sylvania 
Premium-Performance Subminiatures. New 
illustrated folder gives ratings, character-
istics, and application data. Write for your 
file-copy of this folder NOW. Address: 
Sylvania Electric Products Inc., Dept. 
R-2111, 1740 Broadway, New York 19, N. Y. 

SEND FOR 

THIS FOLDER! 

v-SYLVANIttv 
RADIO TUBES; TELEVISION PICTURE TUBES; ELECTRONIC PRODUCTS. ELECTRONIC TEST EQUIPMENT, flUORESCENT TUBES, TIVTURFS. SIGN TUBING. WIRING DEVICES, IIGHT BURS PROIOIAMPS, TELEVISION SM 

liA 
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from qualitative indicators 

to precision measuring devices • • • 

with the how 

tight-tolerance 
CATHODE-RAY TUBES 

by 

DU MONT 
Compare the first of the new Du NIont line of high-precision 

cathode-ray tubes, the Types SA M'. and 3W1)- with similar cathode-ray 
tubes, previously available. Notice the improved resolution without 

loss in brightness, the greatly tightened tolerance.: on all critical 
specifications, the greatly increased sensitivity, and the characteristics 

now specified that have never before been published: 

ITEM 5CP-A 5ADP- 3GP- 3WP-
Angular Alignment 90° ±- 3* 90° :-t-- 1° 90° :4= 3° 90° :4- 1° 

Grid Cutoff per Kv of Eb2 30V ="-- 50% 30V =4-- 25% 33V 7.: 50% 40V -4- 25% 
Deflection Factor 
DCV/in/KV of Eb2 
0102 
0304 

46V ± 15% 
39V ± 15% 

30V -.--- 10% 
23V ± 10% 

80V ± 20% 
70V -± 20% 

46V -4= 10% 
32V :* 10% 

Line Width No spec .03" max. No spec .026" max. 

PI Light Output No spec 15 ft. L. 
min. 

No spec 7 ft. L. 
min. 

Modulation' No spec 45V max. No spec 50V max. 

Deflection Non-Linearity No spec 2% max. No spec 2% max. 

Pattern Distortion' 
Square size A 
Square size B 

No spec 3.075" 
2.925" 

No spec 2.050" 
1.950" 

Minimum Useful Scan 
01D2 

0304 

:4-2 21/4 " 
from center 
:-4-- 21/4 " 
from center 

2-- 2" from 
center 

:±- 2" from 
center 

± 13/4 " 
from center 
---4-- 1 3/8 " 
from center 

:': 11/4" from 
center 

:t 1 1/4 " from 
center 

Face Plate Curved Flat Curved Flat 

'The amount of grid voltage required to drive the tube from cutoff to specified light output. 
,With a raster pattern adju ted so that wider points just touch Square A, no point will lie within 
Square 8. 

5ADP- Flat  face, high-sensitis it y 

cathode-ray tube for no-ilium and low ac-
celerating potentials. 

3WP- The 3-inch Yersion of the Type 

ysith flat face and high sensi thity. 

5XP-A Iligh-soltage tight-tolerance cadi. 

odr•ray tube unilaterally interchangeable 

uith the Type 5X1', 

* Available in 
Production Quantities 
write for prices 

ALLEN B. DU MONT LABORATORIES, INC. 

1500 Main Ave., Clifton, N. J. 
12A 
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Usin • Transis rs 

Style  Style 
2322  2336 

design arcitind t  ERIE components 
for ma  um space saving 

ERIE TUBULAR CERAMICONS * 

Erie "GP " Molded Insulated Ceramicons 
5 MMF-5,000 MMF 

Erie "GP" Dipped Insulated Ceramicons 
5 MMF-5,000 MMF 

Erie "GP" Non-Insulated Ceramicons 
5 MMF-5,000 MMF 

Temperature Compensating 
Molded Insulated Ceramicons 

0.5 MMF-550 MMF 

Temperature Compensating 
Dipped Insulated Ceramicons 

0.5 MMF-1,800 MMF 

Temperature Compensating 

Non-Insulated Ceramicons 
0.5 MMF-1,800 MMF 

Style 
327 

' 

Style 557  Style 3130 

1.5-7 MMF  5-30 MMF 
3-12 MMF  8-50 MMF 
5-25 MMF  65-95 MMF 

150-190 MMF 

ERIE CERAMICON TRIMMERS 

Style TS2A 

15-7 MMF  5-20 MMF 
3-12 MMF  4-30 MMF 
3-13 MMF  7-45 MMF 

Style 531 and 532 
0.5-5 MMF  

1-8 MMF 

Style 3115 
0,5-3.0 MMF 
1.0-4.0 MMF 
Style 3139 
2.0-6.0 MMF 

ERIE FEED-THRU CERAMICONS 

Style 
2405 

Style 
2404 

Style 
357 

Style  Style 
Zr.  362  321 

5 MMF -1,000 MMF 
5 MMF -1,500 MMF 

ERIE STAND-OFF CERAMICONS 

Style 
318 Style 

319 

Style 
2416 

Style  Style 
325  326  Style 

323 and 324 
5 MMF-5,000 MMF 

Style 
2418 

t s„...._,..  Style 535 
0.7-3.0 MMF 

' 

ci 
Style 3132 
1.0-3.8 MMF 

 • 

ERIE DISC CERAMICONS 
Temperature Compensating and By-Pass rsg 

Style  Style  Style 
831  801  811 

Up to .01 MFD 

ERIE BUTTON " MICA 
CAPACITORS 

15 MMF -6,000 MMF 

31 
2X.002 

'  I 

, 
1 

Style 
812 

ERIE PRINTED 
CIRCUITS 

1 
Standard, Integrator, Filter, 

and Coupling Circuits 

Today's equipment designer is exploring 
every possibility of using Transistors for mini-
aturization and reliability. In application, a 
Transistor can be only as reliable as its asso-

ciated components. 

Erie ceramic and Button Silver Mica 
Capacitors, as well as trimmers, and printed 

electronic circuit parts, provide the necessary 
dependability and compactness that you 

require. 

Detailed specifications for the above products are available on request 

*Ceramicon, Hi-K, GP, Button, and Plexicon are registered trade names of Erie Resistor Corporotion. 

RESISTOR CORP. 

ERIE RESISTOR CORPORATION . . . ELECTRONICS DIVISION 

Main Offices: ERIE, PA. 
Soles Offices  Cliffside, N. J. • Philadelphia, Pa. • Buffalo, N. Y. • Chicago, III. 

Detroit, Mich. • Cincinnati, Ohio • Los Angeles, Calif 

ERIE, PA. • LONDON, ENGLAND • TORONTO, CAr,ADA 
11111 11/1 



NEW COMPACT, LIGHTWEIGHT 

HIGH-VOLTAGE RECTIFIERS 
One-third the size of existing tubes. 

These exclusive new Westinghouse heavy-duty, high-

voltage rectifiers permit more efficient design of mobile 

equipment where reduced weight and space are desired. 

They are one-third the size of 

existing tubes with compara-

ble ratings! 

This advanced design permits 

the tubes to carry peak cur-

rents of 900 ma. (average cur-

rents of 150 ma.) without 

overloading. The high-wattage 

thoriated tungsten filaments 

require only three seconds' 

heating. Filament terminals 

may be operated either up or 

down. 

Designers should evaluate 

these and other unique advan-

tages of the Westinghouse 

WL-6102 and WL-6103 recti-

fiers. For further information 

write West inghouse Electric 

Corporation, Electronic Tube 

Division, Dept. C.11.1, Elmira. 
N. Y. 

R E L I 

Maximum Ratings 
Va-G102  WL-6103 

0,1 Immerser!  Air Cooled 
Peak Inverse 

Voltage  40 KV 

Peak Current 900 MA 

Average 

Current  150 MA 

Ftlament  5.25 V. 

Voltage  (5.0 V. Center 

Filarnent 

Current 

Height  2-13/T6 IN. 

Diameter  2-1/16 IN. 

Weight  312 OZ. 

2f, f V 

150 MA 

5.25 V. 

5.0 V. Cent. , 

7.6 AMP  7.6 AMP. 

(7.2 AMP. Center) (7.2 AMP. Center 

2-15/16 IN. 

2-1/16 IN. 

8,/2 OZ. 

Typical Operation 

Full Iran,-

Secondary 
Voltage IRMS  28 300 V. 

DC Output 

Voltage to 

Filter  12,700 V. 

DC Output 

Current  300 AMP.  200 AMP 

Sityy,'e Phost., Full Wu,, 

WL-6102  WL-6103 

Transformer 

Secondary 

Voltage IRMS, 

DC Output 

Voltage to 

Filter 

DC Output 

Current 

14,100 

6 300 V 

3-Phase, Hall- Wove 

16,400 V.  8,200 v 

19 100 V.  9 500 

450 AMP 300 AMP 

Air gi o num 

E L E C T R O N I 

T U B E  D I V I SI  

Westinghouse Electric Corporation 

Box 284, Elmira, N. Y. 

Westinghouse WL-6102 

Oil Immersed 40 KV Rectifier: 
Only 23/4 " high, 

Weighs only 31/2  ounces 

Westinghouse WL-6103 
Air-Cooled 20 KV Rectifier: 
Weighs only 8 . ounces 

Tubes nictured in ',dual size 

1112 E s 

YOU CAN SE SURE...'F ITS 
O  
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WORLD'S LARGEST 

CAPACITOR MANUFACTURER now offers you—in 
one compact catalog—all the information you need to specify 

transmitter-type mica dielectric capacitors for military 

uses. Thirty-two easy-to-read pages give you illustrations, 

engineering drawings, and full characteristics of each unit. 
For your copy of Sprague's 

new catalog No. 31, just 

send a letterhead request to 

Application  Engineering 

Department, Sprague 

Electric Co., 235 Marshall 

Street,  North  Adams, 

Massachusetts. 

'A. 

(  . _ ____  „, ir• ,..,_ 
15A 
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TYPE 252, JAN-R-19, Type RA20 

2 watt, 117 /64" 
diameter variable 
wirewound 
resistor. Also 
available with 
other special 
military features 
not covered by 
JAN-R-19. 
Attached Switch 
can be supplied. 

Revila,,e• 

50+10% 
100±10% 
250±10% 
500±10% 
I000±10% 
1500+10% 
2500+10% 
5000+10% 
10,000±10% 

RA M JAN Shall Typo SO 

CTS Part  JAN•R-I9 TYPE 

88079  RA20AISD500AK 
W6929  RA20A1 SD101 AK 
X3I97 
W693I 
W6932 
W6933 
W6931 
W6935 
W6936 

RA20AISD251AK 
RA20AISD501AK 
RA20AISDIO2AK 
RA20AISD152AK 
RA20AISD252AK 
RA20AISD502AK 
RA20AISDIO3AK 

RA20 K O Torque. JAN Shaft Type SD 

C TS Part  JAN-R-11 TYPE 

X1196  RA20A2SD500A K 
19388  RA20A2SD101 AK 
M9879  RA20A2SD25IAK 
X3I98  RA20A2SD50IAK 
X3199  RA20A2SDIO2AK 
M9809  RA20A2SDI 52A K 
19103  RA20A2SD252AK 
19104  RA20A2SD 502A K 
H8979  RA20A2S1)103AK 

TYPE 25, JAN-R-19, Type RA30 (May also be used as Type RA25) 
4 watt, 117 /32" 
diameter variable 
wirewound 
resistor. Also 
available with 
other special 
military features 
not covered by 
JAN-R-19. 
Attached Switch 
can be supplied. 

RA30. JAN She! Type SO 

Pus-tarn  CTS Part  JAN-5-19 TYPE 

50±10%  X3502  RA30AISD500AK 
100+10%  X3503  RA30A I SD101 AK 
250±10%  X3505  RA30AISD251AK 
500±10%  X3507  RA30AISD501AK 
1000±10%  X3508  RA30AISDIO2AK 
1500±10%  X3509  RA30AISD152AK 
2500±10%  X3511  RA30AISD252AK 
5000+10%  QI109  RA30AIS0502AK 
10.000±10%  X3513  RA30AIS0103AK 
15,000±10%  X3514  RA30AISD153AK 

RA30 Kph Torque. JAN Stull Type 30 
CTS Part  JAN-R-19 TYPE 

W2837  RA30A2SD500A K 
X3504  RA30A2SD101 A K 
X3506  RA30A2SD251 A K 
117566  RA30A2SD501 A K 
S24I4  RA30A2SD 102A K 
X3510  RA30A2S 0152A K 
S2736  RA30A2SD252AK 
X3512  RA30A2SD502AK 
RI 561  RA30A2S0103AK 
19107  RA30A2SDI53AK 

Immediate delivery from stock 
JAN-R-94 AND JAN-R-19 TYPE MILITARY VARIABLE RESISTORS 

Preference given to orders carrying military contract 
number and DO rating. Other JAN items or special 
items with or without associated switches can be 
fabricated to your specifications. Please give complete 
details on your requirements including electrical 
and mechanical specifications. 

UNPRECEDENTED PERFORMANCE CHARACTERISTICS 

Designed for use in military equipment subject to 
extreme temperature and humidity ranges including 
jet and other planes, guided missiles, tanks, ships 
and submarines, telemetering, microwave, portable 
or mobile equipment and all other military 
communications. 

For further information, write for Stock Sheet No. 162 

NEW 38-PAGE ILLUSTRATED CATALOG — Describes 

Electrical and Mechanical characteristics, 

Special Features and Constructions of a complete 

line of variable resistors for military and 

civilian use. Includes dimensional drawings of 

each resistor. Write today for your copy, 

SHAFT TYPES 

AVAILABLE 

ON STOCK CONTROLS 

REPRESENTATIVES 
Henry E. Sanders 

John B McClatchy Bldg. 
69th & Market SI 

Upper Darby. Penna. 
Phone. Flanders 2-4420 

W S Harmon Company 
1638 So La Coenega 13Iyd. 
Los Angeles 35. Calif. 

Phone Bradshaw 2-3321 

John A. Green Co. 
6815 Oriole Drwe 
Dallas 9, Texas 

FOUNDED  1896  • ELKHART, INDIANA 

types 
IN CANADA 
C C Meredith & Co 
Streetsville, Ontario 

SOUTH AMERICA 
Jose Luis Pontet 
Buenos Aires, Argentine 
Montevideo, Uruguay 
Rio de Janeiro. Brazil 
Sao Paulo, Build 

OTHER EXPORT 
Sylvan Ginsbury 
8 West 40th Street 
New York 18, N. Y. 

CHICAGO TELEPHONE SUPPLY 
rec O ittlieviz 

C T.5 S HA F T  T YPE L T- 2 

LOCK/NG BUSH/NG 

/25 • co/ 

—SCREVV DR/VER 
SLOT 

.040 • .90.3  M OE a 
4"A4 .1Po 

4T -3.7P - NE-2 7 WO 
MOUNTING HARDWARE ASSEMBLED 
MOUNT/NC N1/7 IHEX • 
LOCK NUT I HEX • 
LOCK WASHER 4'/..9/41.4 

-321? THO. 

MOUNTING HARD WARE ASSE MBLED 
mouNT/N6 NOT s' Hex • 
LOCK WASHER ./.9/44 



Resistants 
CTS Part 
CTS Shaft Type RE 

250+10%  X3516 
500+10%  X3517 
1000+10%  X3518 
2500+10%  X3519 
5000+10%  X3520 
10,000+10%  X3521 
25,000+10%  X3522 
50,000+10%  X3523 
100,000+10%  X3524 
250,000+10%  X3525 
500,000+10%  X3526 
I Me8±20 %  X3527 
2.5 Meg+25%  X3528 

CTS Pen TYPE 65 
Lacking Molting 
CTS Shaft Tye. LT-2 IA  watt 70°C, 3/1" 

X3530  diameter 
X3531  gniniattirize4 

X3532  variable 
X3533  composition 
XX33553345    resistor. 

X3536 
X3537 
X3538 
X3539 
X3540 
X354I 
X3542 

Resistance 

100+10% 
250+10% 
500+10% 
1000+10% 
2500+10% 
5000+10% 
10,000+10% 
25.000+10% 
50,000+10% 
100.000+10% 
250.000+10% 
500.000+10% 
1 Meg+20% 
2.5 Meg+20% 
5 Meg+20% 

JAN-R-91 
TYPE RV4 
JAN Shaft Typo SD 

RVAIATSD101/4 
RV4ATSD25IA 
RV4ATSD50IA 
RV4ATSDIO2A 
RVIATSD252A 
RVIATSD502A 
RV4ATSDIO3A 
RVIATSD253A 
RV4ATSD503A 
RV4ATSDIO4A 
RV4ATSD254A 
RV4ATSD504A 
RVIATSDI0513 
RV4ATSD25521 
RVIATSD50513 

JAN-R-94 
TYPE RV4 
JAN Shaft Type R1 

RV4ATR1101A 
RV4ATR125IA 
RV4ATR1501A 
RV4ATR1102A 
RV4ATR1252A 
RV4ATR1502A 
RV4ATR1103A 
RVIATR1253A 
RV4ATR1503A 
RV4ATR1104A 
RV4ATR1254A 
RV4ATR1504A 
RV4ATR11058 
RV4AT 812555 
RV4ATR15058 

TYPE 95, JAN-R-94, Type RV4 
CTS Part 
Non-JAN Locking Bushing 
CTS Shaft Type LT-1 

W3I60 
W3I61 
W3162 
W3166 
W3163 
W3I64 
W3I67 
W3168 
W3169 
W3170 
W3171 
W3I72 
W3173 
W3165 
W3159 

2 watt 70°C, Ws" 
diameter variable 

composition 
resistor. Also 
available with 
other special 

military features 
not covered by 

JAN-R-94. 
Attached Switch 
can be supplied. 

Resistance 

100+10%  A5876 
250+10%  A5877 
S00+10%  A5878 
1000+10%  A5879 
2500+10%  A5880 
5000+10%  A5881 
10,000+10%  AS882 
25,000+10%  A5883 
50,000+10%  A5884 
100.000+10%  A5885 
250,000+10%  A5886 
500,000+10%  A5887 
1 Meg +20%  A5888 
2.5 Meg+20%  A5889 

RV2. JAN Shaft Type SO 

CTS Part JAN-R-94 TYPE 

RV2ATSDIOIA 
RV2ATSD25IA 
RV2ATSD50IA 
RV2ATSDIO2A 
RV2ATSD252A 
RV2ATSD502A 
RV2ATSDIO3A 
RV2ATSD253A 
RV2ATSD503A 
RV2ATSDIO4A 
RV2ATSD254A 
RV2ATSD504A 
RV2ATSDI0513 
RV2ATSD25513 

TYPE 45, JAN-R-94, Type RV2 

CTS Part 
Non-JAN Locking Bushing 
CTS Shaft Type LT-1 

A5922 
A5923 
A5924 
A5925 
A5926 
A5927 
A5928 
A5929 
A5930 
A5931 
A5932 
A5933 
A5934 
A5935 

14 watt, 15As9 
diameter variable 

composition 
resistor. Also 
available with 
other special 

military features 
not covered by 

JAN-R-94. 
Attached Switch 
can be supplied. 

Resistance 

100 +10% 
250+10% 
500+10% 
1000+10% 
2500+10% 
5000+10% 
10.000+10% 
25,000+10% 
50.000+10% 
100.000+10% 
250,000+10% 
500,000+10% 
1 Meg+20% 
2.5 Meg+20% 
5 Meg+20% 

RV3. JAN Shaft Type SD 
CTS Part JAN-R-91 TYPE 

A586I  RV3ATSDIOIA 
A5862  RV3ATSD251A 
A5863  RV3ATSD50IA 
A5864  RV3ATSDIO2A 
A5865  RV3ATSD252A 
A5866  RV3ATSD502A 
A5867  RV3ATSDIO3A 
A5868  RV3ATSD253A 
A5869  RV3ATSD503A 
A5870  RV3ATS0104A 
A5871  RV3ATSD254A 
A5872  RV3ATS0504A 
A5873  RV3ATSD1058 
A5874  RV3ATSD2558 
A5875  RV3ATSD5058 

TYPE 35, JAN-R-94, Type RV3 
CTS Part 
Non-JAN Locking Bushing 
CTS Shaft Type LT-1 

A5907 
A5908 
A5909 
A5910 
A591I 
A5912 
A5913 
115914 
A5915 
A5916 
A5917 
A5918 
A5919 
A5920 
A5921 

1/2 watt, 11/4 " 
diameter variable 

composition 
resistor. Also 
available with 
other special 

military features 
not covered by 

JAN-R-94. 
Attached Switch 
can be supplied. 

JAN SHAFT TYPE 50  JAN SHAFT TYPE /41/4.1 

250' *ow 
SCREW DRIVER 

I 117(7 II SLOT 
.047' *cos WIDE x 
063  f al_ ceee 

...-- i -32P- NEP-2 THD 
  7 

d ---
1401*NT'ING HARDWARE Assz-m af_ea 
moovrova NUT 1UNEX A A 
LCCK WASHE4 •/.9.4.,4 

MOUNTING HARDWARE .ASSEMBLED 
MOUNTING mir IMEX *I A 
LOCK WASHER • /AMA 

CT.5 SHAFT TYPE LT-/ 
LOCKING BUSH/NG 

2.50 ":ow" 
SCREW DRIVER 
SLOT 

.047 .1 WS" WIDE x 

.063" e Zf,". DEER 

-32e - NEP -2 rHo. 
MOUNTING HARDWARE ASSEMBLED 

MOLI/VT/NG iyur g Hrx. x A 
LOCK NUT freEx A-A' 
LOLA WAS4R .1920A 



INSTALLED IN 1941 AND STILL GOING STRONG... 

Gentlemen: 
Fro m time to time  in  your advertisements, 1 have noticed report. 
of Eimac tubes that have eerved an exceptionally long life.  You 
may be interested in the 450TL statistics at our Atlanta. Georgia, 

station. 
The transmitter in this station uee s eight 45071.'s in RV servi ce.  

or the eight, seven have been in operation since the transmitter 
was installed in October, 1941.  Our Dallas, Texas, transmitter 
installed about the same time still has five of its original 450TL 

The most important  factor  in  the  operation  of  an  airline  is  safety.  

tubes. 

This is determined largely by the dependability of the equipment 
it uses.  Delta Air Lines, like any busineee operating on • soursi 
financial basis, most obtain the most value for every dollar spent. 
It would appear, in the case of our radio tubes se well as many 

other products, that the two factors, safety ard economy, go hand 

in hand. Vary trulf Ybur.. 

EITEL- McCULL OU GH,  INC. 
S A N  B R U N O,  C A L I F O R N I A 

Erport Agents, Frozar & Hansen, 301 Cloy Si., San FrancIsco. Cohlorma • 
18A 

. . . reporto 

DELTA AIR LINES 

of EIMAC Tubes 

This story of dependability 

through more than a decade of 

day in, day out operation is 

typical of what leading users of 

electronic equipment are finding 

whenever Eimac tubes are em-

ployed. Write our application 

engineering department for infor-

mation about the complete line of 

Eimac transmitting power tubes. 

PROCEI:111.VG.S. (IF THE I.R.h. 
November ,1.1 



Most people seem  to think of us  as quality  
manufacturers with a lot of ability to pro-
duce just the right ceramic for any specific 

e're glad it's that way. Quality and 

versatility are mighty important. 
But  sometimes the first requirement is 
W 

for a lot of small  in a big hurry and 
at the lowest possible cost. That is another 

parts   
we shine. And we're pretty  good on  

place   
smaller quantities too. You'll have to look a long time to find 

another ouetfqitu iwpmithe nat. s m  high speed 
uch 

automatic  Some  of it we de-

sign ed and built in our own shop  ng  

. On one 

ma chine 0w e are  currently produci  

1,2)00,00 peces  a da 
i y  ht 

and meeting high 

quality standards • . . at a mig y low 
price. We believe it would pay you to 
check with us • . . especially when you 

need big quantities. 
, Send your sketch, outline ol re-

quirements and 
y d 
and let us 

quantit  
show you *hot we con o tor you. 

51 ST  YE A R  OF  CE R A MI C  LE A DE RS HI P 

AMERICAN LAVA CORPORATION 
CHATTA N O OGA  5,  TENNESSEE 

OFFICES: METROPOLITAN AREA:  671 Brood St., Newark, N. J., Mitchell 2.8159  •  PHILADELPHIA, 1649 North Broad St., Stevenson 4•2823 

SOUTHWEST: John A. Green Ca., 6815 Oriole Drive, Dallas 9, Dixon 9918  •  NEW ENGLAND, 1374 Massachusetts Ave., Cambridge, Moss., Kirkland 7-4498 

LOS ANGELES, 5603 North Huntington Drive, Capitol 1-9114 • CHICAGO, 228 North LaSalle St., Central 6-1721 • ST. LOUIS, 1123 Washington Ave., Garfield 1959 



J. B. THARP-E''-' ) 
National Sales Mgr. 
Clifton, New Jersey 

A2N 
G. SCOTT 

New York City 

T. W. KIRKSEY 
Dallas 

H. BLOOMBERG 
Central District Mgr. 

Chicago 

/ 
J. W. MORRISEY 
New York City 

T. MOSELEY 
Dallas 

/ 1\ 
B. J. KLINDWORTH 

Chicago 

J. BECKER 
Chicago 

F. O'CONNELL 
Baltimore 

L. PET! 
Western District Mgr. 

Dallas 

C. BELL 
Atlanta-Charlotte 

L. C. RADFORD, JR. 
Eastern District Mgr. 
Washington, D. C. 

LOS ANGELES 

R. MYERS 
Los Angeles 

In addition to these outstand;” "r: •,,tives located in your area, 
Du Mont maintains a staff of highly experienced Sales Engineers. 
These men, backed by years of field experience, work in conjunction 
with your Representative and provide him with the necessary informa-
tion and service that may be required to fulfill your particular needs. 

Al/ 

WM. C. O'BRIEN 
Los Angeles 



CHICAGO 

DALLAS 

NEW YORK CITY 

CLIFTON, N. J. 

BALTIMORE 

WASHINGTON, D. C. 

ATLANTA 

Effective Regional Participation of 
Du Mont Representatives, now cov-
ering all areas of the nation, ready 
to serve you, help you to plan and 
to build your television station. 

?bolo& mugs 

!HIMONT 
SALES  OFFICES 

TELEVISION TRANSMITTER 

DIVISION 

START with the finest TV broadcasting equipment available. 
Back it with outstanding engineering born of pioneering tele-
casting. Round it out with on-the-spot TV specialists familiar 
with every phase of television. And that's the meaning of 
DU MONT to you in working out your telecasting plans. 
Whether your needs concern initial equipment, or expansion 

or improvement of present facilities, contact your nearest 
Du Mont regional office. Our TV specialists will gladly discuss 
your problems and come up with the most practical and eco-

nomical solutions. 
Du Mont, always "First with the Finest in Television," now 

offers *Effective Regional Participation, in highly qualified 
personnel, for still better service to you. 

Allen B. Du Mont Laboratories, Inc. 

Television Transmitter Division 

1500 Main Avenue 

Clifton, New Jersey 
Phone: MUlberry 4-7400 

NEW YORK CITY 

Empire State Building 

Room 8201 
Phone: Murray Hill 81600 

WASHINGTON, D. C. 

Television Station WTTG 

Phone: STerling 5300 

BALTIMORE 

1351 Pentwood Road 

Phone: TUxedo 6689 

LOS ANGELES 

1136 North Las Palmas 

Phone: GRanite 1185 

CHICAGO 

919 North Michigan Boulevard 

Room 1616 
Phone: Michigan 2-0354 

DALLAS 

1 51 3 Turtle Creek Blvd. 

Phone: PRospect 6220 

ATLANTA-CHARLOTTE 

2101 Arnold Drive 

Charlotte, N. C. 

Phone: CHarlotte 5-6519 
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up-to-date news of every British development . 
WIRELESS ENGINEER— the magazine of radio research and 

progress — is produced for research engineers, designers and 

students in the fields of radio, television and electronics. Its 

editorial policy is to publish only original work, and its highly 

specialized content is accepted as the authoritative source of 

information for advanced workers everywhere. The magazine's 

Editorial Advisory Board contains representatives of the National 

Physical Laboratory, the British Broadcasting Corporation, 

and the British Post Office. Regular features include an Abstracts 

and References Section compiled by the Radio Research 

Organization of the Department of Scientific and Industrial 

Research. Published monthly, $7.00 a year. 

Recent Editorial Features: 
Visibility of Radar Echoes.  Shunt-Regulated Amplifiers. 
Dielectric Lens Aerial.  Directional-Coupler Errors. 
Impedance Changes  in  Image  Iconoscopes.  Precision 
Calibrator for Low Frequency Phase-Meters. Television 
Camera Tubes. 

WIRELESS WORLD. Britain's chief technical magazine in 
the general field of radio, television and electronics. Founded 

over 40 years ago, it provides a complete and accurate survey 

of the newest British techniques in design and manufacture. 

Articles of a high standard cover every phase of radio and allied 

technical practice, with news items on the wider aspects of 

international radio. Theoretical articles by recognised experts 

deal with new developments, while design data and circuits 

for every application are published. WIRELESS WORLD is in-

dispensable to technicians of all grades and is read in all parts 
of the world. 

Published monthly, 84.5o a year. 

ASS O CI ATE D 

ILI FFE 
PUBLICATIONS 

Recent Editorial Features: 
Speech Reinforcement in Reverberant Auditoria : Use of Time 
Delays and Line-source Loudspeakers. Magnetic Recording: 
Mechanism of Asymmetrical Hysteresis.  Valve Voltmeter 
without Calibration Drift:  "Infinite-input, Zero-output-
resistance" Adaptor for D.C. Voltmeters. 

Please forward 

M AIL  THIS  ORDE R  TO D AY 

To ILIFFE & SONS LIMITED, DORSET HOUSE, STAMFORD STREET, LONDON, S.E.i, ENGLAND 

for 12 months  Payment is being made* 

NAME   

ADDRESS 

CITY   

22A 

  ZONE   STATE 

*Payment can be made by Banker's Draft or International Money Order 
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PRINTED CIRCUITS ARE NOT PRINTED ELECTRONIC CIRCUITS 

PRINTED ELECTRONIC CIRCUITS are complete or partial circuits 
in truly miniature sizes — furnished complete with con-
ductors, resistors, capacitors and brought out to convenient, 
permanently anchored mechanical leads. Centralab, the orig-
inators of Printed Electronic Circuits, makes the world's 
most complete line — from single resistor plates to com-
plete speech amplifiers. 

For more information on how Centrolab Printed 

A PRINTED CIRCUIT is a conductive pattern of an electric cir-
cuit, but provides conductors only. Don't be misled. A 
Printed Circuit is not a Printed Electronic Circuit. There 
is a place for both in electronic design. Many times they 
can be used together in the same circuit. But don't expect 
Printed Circuits to do the job that can be provided only 
by Printed Electronic Circuits. 

Electronic Circuits can offer 
you big savings ... turn the page 



CENTRALAB now offers 
smaller sizes in PRINTED 

PC-100 

1 

Don't overlook the savings achieved by new, reduced prices on 
this "bargain group" of PEC's. Check coupon for bulletins. 
Pentodes (Bulletin 42-128), Vertical Integrators (Bulletin 
42-126), Audets (Bulletin 42-129), Pendets (Bulletin 42-149). 

Now _ Centralab gives  you  even  more  versat ility . . . 
still greater savings in electronic design. Yes, the 

prices of several Printed Elecironic Circuits have been 
reduced. What's more, these components have been 
miniaturized to still smaller sizes. We've achieved max-
imum compactness plus top performance . . . at a new 
low price. 

If your designs specify the capacities fulfilled by Pen-
todes, Vertical Integrators, Audets, or Pendets — look 
forward to savings ranging from 0.1 to 7 cents per unit. 

Compare the size of the former 
Vertical Integrator, (shown actual 
size at left) with Centralab's new 
smaller design (actual size, below). 
Only 2/3 as much space is needed by 
this new miniaturized Printed 
Electronic Circuit. 

Actually, these miniature components have always 
saved you money in time and labor. Now, for the first 
time, their firs, cost is less than that of the components 
they replace. 

Add up these savings — lower first cost . . . less pro-
duction time and labor . . . reduced purchasing and 
inventory requirements. No wonder volume users find 
they can save thousands of dollars with Centralab Printed 
Elearonic Circuits. 



;even greater savings, 
IELECTRONIC CIRCUITS 
'Save time and money .... space and weight with these P E C's 

ilLPLATES (2 resistors and 2 capacitors) for bypass and filter appli-
mtion in TV, FM and AM, where filter networks of comparable 
:omponent values and layout are needed. 28% less soldered connec-
ions.Save vital low wattage resistor stocks. Technical Bulletin 42-131. 

60 % Less Soldered Connections with 
Centralab Triode Couplates 

PC-70 
1 2  4 

1 

PC-80 

2 3 1 
kENTRALAB TRIODE COUPLATES replace 5 components normally used 
in audio circuits. Triode Couplates are complete assemblies of 3 ca-
pacitors and 2 resistors bonded to a dielectric ceramic plate. Available 
in a variety of resistor and capacitor values. Technical Bulletin 42.127. 

Standard Model 2 AMPEC Miniature 
3-Stage Speech Amplifier 

111 
AMPEC — A full 3-stage speech amplifier. Provides highly efficient 
performance. Size 1%" x 11/2 " x %" over tube sockets! Used in 
hearing aids, mike preamps and other applications where small size 
and outstanding performance count. Technical Bulletin 42-117. 

It/ 
PLATE CAPACITORS AND RESISTOR-CAPACITORS. Excellent for miniature 
use. Actual size photograph. Because of size, they readily fit all 
types of miniature and portable electronic equipment — overcome 
crowded conditions in TV, AM, FM and record player chassis. 
Technical Bulletin 42-132. 

New Model 3 AMPEC — A Sub Miniature 
3-Stage Speech Amplifier 

CENTRALAB'S CONSTANT RESEARCH produced this amazing development 
in Printed Electronic Circuits.. The remarkably small dimensions of 
this new amplifier unit are approximately 11/i2" x  x  
Check coupon for Technical Bulletin 42-130. 

A Division of GLOBE-UNION INC., Milwaukee l, Wis. 

U.  MI  INI 1111 MN IM  MI 

Centrolab, A Div. of Globe-Union Inc. 
920 East Keefe Avenue, Milwaukee 1, Wisconsin 

Please send me the Technical Bulletins on 
Printed Electronic Circuits as checked below: 

0 42-128 0 42-129  042.131 

0 42-126  0 42-149 

Name 

Address  

Company 

Title   

0 42-127  El 42-117 

0 42-132  0 42-130 



Tesig,ned for Application" 

Ilelay Lines and Networks 

The James Millen Mfg. Co., Inc. has been 
producing continuous delay lines and lump 
constant delay networks since the origination 
of the demand for these components in pulse 
formation and other circuits requiring time 
delay. The most modern of these is the distrib-
uted constant delay line designed to comply 
with the most stringent electrical and mechani-
cal requirements for military, commercial and 
laboratory equipment. 

Millen distributed constant line is available as 
bulk line for laboratory use and in either flexible 
or metallic hermetically sealed units adjusted 
to exact time d.-laN for use in production 
equipment. Lump constant delay networks may 
be preferred for some specialized applications 
and can be furnished in open or hermetically 
sealed construction. The above illustrates sev-
eral typical lines of both types, Our engineers 
are available to assist you in your delay line 
problems. 

26.A 
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New small version 
of 371-B 

High Voltage 

Power Diodes 

TYPE 578  TYPE X-22 
New small version 

of 8020 

AIRBORNE radar and other electronic 

equipment can be made much smaller 

and lighter by use of these modern, 
smaller tubes. UNITED has designed 

types 577, 578 and X-22 as exact elec-

New small version 
of 1616 

Illustrations show relative sizes 

trical replacements for JAN preferred 

list types 371-B, 8020 and 1616, in ap-
plications where space and weight con-

servation is important. 

Write for full specifications. 

UNITED M r4,-44- M ELECTRONICS, 42 Spring Street, Newark 2, N. J • 
(TRANSMITTING TUBES EXCLUSIVELY Since 193 4) 

Pk(  LEDI.V?,  tiF 1 III, I I? E.  .V,7ember, I9.52 



LITTON ENGI NEERING NE WS 

BETTER CONTROL OF COPPER OR ALLOY 
BRAZING WITH LITTON HYDROGEN FURNACE 
Litton Model 4400 Vertical Hydrogen 

Furnace is designed for easily observed, 
accurately controlled production-line 
brazing of assemblies up to 61/2" in 

diameter and 12" in length. Brazing is 
performed in a hydrogen atmosphere 
and work can be inserted into the open 
bottom either mechanically or hydrau-
lically. Operating temperature range 
permits copper brazing as well as all 

types of gold-copper and silver alloy 
brazing. 

Model 4400 Furnace is divided into 
two chambers. The upper or brazing 
chamber is equipped with radiant heat-
ing for maximum flexibility. The lower 
or cooling chamber permits rapid cool-
ing to the freezing point of the metal or 
alloy. The heating chamber has an in-

conel inner wall surrounded by 3" of 
thermal insulation. Two replaceable 
pyrex windows permit a clear view of 
the work during the heating cycle. Tung-
sten heating rods are spring-loaded to 
preserve tautness, and may be easily 
replaced. The cooling chamber is a 

double-walled cylinder of stainless steel 
within which water is circulated. 

In operation, work is raised into the 
upper chamber, heated at the desired 

rate or rates, and immediately lowered 
into the cooling chamber. Since power 
is applied only during the heating cycle 
(normally less than one-third of load-
ing, heating and cooling time), power 
consumption is minimized. 

SPECIFICATIONS —MODEL 4400 
VERTICAL HYDROGEN FURNACE 

Work diameter, max. . •   61/2 " 
Work length, max   12" 

Temperature, max. . . •   1250 C 

Voltage to maintain 1250' C   Approx. 22v 

Kva to maintain 1250̀ C .   Approx. 23 kva 
Overall height    75" 

Overall diameter, heater .   17" 

Overall diameter, cooler .   12" 

Heater elements: 15 Tungsten rods, .050" dia. x 

40" long, connected in parallel. 

Time to raise furnace and work to 1000' C: 
Approx. 17 minutes. 

GLASS 
BAKING 
OVENS 
Litton Glass 
Baking Ovens 
are circular 
and easily 
mount in any 
exhaust posi-
tion. Heating 
is by Calrod 
units and 

1 0 2 5  BRITT A N  AVE N UE • SA N  CA RL OS.  CALIF OR NI A • U. S. A. 

ovens are designed for continuous op-
eration at 500' C. Oven models 2, 3 and 

4 can be operated in either series or 
parallel. Ovens range from 5" to 12 3/4" 
in diameter, and 12" to 18" in length. 
Complete details and prices for all 
models will be supplied on request. 

MODEL 5301 BELL JAR 
For smaller brazing 
table-top Bell 
Jars offer max-
imu m con-
venience and 
speed. Visibil-
ity through the 
all-glass jar 
si mplifies 
alignment and 
positioning of 
the work. Ver-
tica 1 move-
ment of the 
bell is light-
ened by a 
counterweight 
inside the sup-
porting col-
umn. Work 

stand height is 
variable, and 
the heater rod 
can be adjusted 
and locked in 
position. 

problems, Litton 

SPECIFICATIONS —MODEL 5301 

BELL JAR 

Base   

Column height 

Heater stand, height. 

Heater stand arm 

(extended length) . . . 

Heater stand, vertical travel 

Work stand extensions . . 

Jar diameter 

Height 

Travel of jar 

11'4" x  

563i4" 

23'4" 

10h" 

12" 

2", 4", 6", 8" 

and 12" 

12" 

24" 

28'4" 

Manufacturers 

of Vacuum Tubes and 

Accessory Equipment 

28s 
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111 THE 

r-

VACUU M 
PU MPS 

Model vism  556  

Model vsm  778  

Model  VS0 8811  

Model cm)  8810  

octet o 41 vm 12814 

odel ov  m  o 14918  

odel ov  m  o 147418  

odei ovm  151420  

Model 0" 272034  

Mediu cvm  3153  

Model cvm  3534  

Model cvm  556  

Mod.?  CV M 86/0 

EOF VACUUM PUMPS 

2 cu.  ft• Per min.  

5 cu•  ft. Per min.  

IS  cu.  ft' Per min.  

SIN GLE s r4  46 Cu f Per min.  
GE P  umps  

Fr"I,disp iacemen  

13  Cu.  ft  Per min t 
27 Cu.  ft . Per 

min • 

52  Cu. ft. per  min • 

I I° Cu. ft. Per min . 

2 /8 cu.  ft. Per min : 

: II Cu. ft. Per min.  

78 86  cu. ff. Per min.  

18  0 cu. ft. Per m.  

00 cu.  ff.  
Per min.  

- - 7 1.1111111111111--

Theres a Kinney Pump for every vacuum requirement. Write for Bulletin V-51111. 
Kinney Manufacturing Co., 3631 Woshington St., Boston 30, Mass. Representatives in New York, 
Chicago, Cleveland, Philadelphia, Houston, New Orleans, Los Angeles, San Francisco, Seattle. 
FOREIGN REPRESENTATIVES: Gen'l Engineering Co., Ltd., Radcliffe, Lancs., England. • Horrocks, 
Roxburgh Pty., Ltd., Melbourne, C. I. Australia • W. S. Thomas & Taylor Pty., Ltd., Johannesburg, 
South Africa • Novelectric, Ltd., Zurich, Switzerland • C.I.R.E., Piazza Cavour 25, Rome, Italy. 

—"11111111110 
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_PRECISION 
ELECTRONIC TEST INSTRUMENTS...because 

. they recognize that there is no compromise, no guesswork, behind the design 
and workmanship of a "PRECISION"-built instrument; 

. they have seen the "insides" of the equipment, which reveals the high quality 
components and the infinite care given to "Precision Individualized Production"; 

. they have learned, over the past twenty years — in the laboratory, on the 
production line, in the maintenance department, that they can always look to 
PRECISION Test Equipment, as the standard of performance, accuracy and value! 

SERIES [V-10A 

True Zero-Center VTVM 
and Multi-Range Test Set 
with Direct Peak Reading 

High Frequency Scales. 

58 Ranges to: 
6000 V., 2000 Megs., 
12 Amps +77 DB 

Net Price  $97.20 

SERIES ES-500A 
High Sensitivity, Wide-Range 

5" OSCILLOSCOPE 
20 MV per inch "V" Sensitivity 

* Push-P O V. and H. Amplifiers. 
10 cycles to 1 MC response. 

* Frequency Compensated Vertical 
Input Step Attenuator. 

* "V" phase reversing switch. 

* "Z" Axis Modulation Input. 

* Internal, Phasable 60 Cycle 
Beam Blanking. 

* All 4 Hor. and Vert. Plate Con-
nections Directly Acce,-sible. 

Net Price  si n.70 

SERIES 10-12 
Electronamic 
TUBE MASTER 

The All-Inclusive, Positive 
Vacuum-Tube 

PERFORMANCE Test, 
that is not limited to 

Mutual Conductance alone! 

Incorporetes the time-proven 
'Precision' ELECTRONAMIC 
Tube performance Test Circuit 
...plus an advanced, 
multiple-element, master-lever 
selector system. Affords the 
highest practical order of test 
results and anti-obsolescence 
insurance. 

Net Price  $104.50 

PRECISION 
TEST EQUIP MENT 

cfrrielatd  Au/lacy... 

/Q  SERIES RF-10A 
Vacuum Tube H. F. Probe 
Provides direct hi-freq, 
peak voltage measure-
ments with the EV-10A. 
Net Price   $14.40 

SERIES TV-4 
Super High Voltage 
SAFETY TEST PROBE 
Voltage Ranges to 60,000 
Volts D. C. when used with 
Series EV-10A 

Net Price  514.75 

PRECISION 
IISI 10y1.911.1 

SERIES 85 

High Sensitivity 

AC-DC CIRCUIT TESTER 
(20.000 ohms per volt. D.C.) 

34 Self-Contained Ranges to: 
6000 V., 60 Megs., 12 Amps., +70 DB 

A Compact, versatile, Test Set, 
Application-Engineered for mod-
ern electronic circuits AM-FM-TV 
Size  51/2 " x 71/e" x 3" 

Net Price  $39.95 

IIP—imv.rif wmeir .,, 
11111 .1E M 

0°0   0°0 0  .0 
0 •  0 0 

111111Sill 

LC-1 —LEATHER 
INSTRUMENT CASE 
Custom-designed for Series 
85. Includes a tool and test 
lead compartment. Genuine, 
top-grain cowhide  

Net Price  $9.50 

PRECISION APPARATUS CO., INC. 
92-27 Horace Harding Boulevard, Elmhurst, 17, New York 

Export Division 458 Broadway. New York 13. U.S.A. • Cables—Morhanex 
In Canada Atlas Radio Corp Ltd . 560 King Street. W • Toronto 28 

Complete, illustrated catalog, describing entire line of "Precision" Test Instruments, available on request. 



When it's 
Electrical 
Protection--

Rely 
on 

BUSS 
RISES 

for TELEVISION • RADIO 

A COMPLETE LINE OF FUSES, 
PLUS 

A COMPLETE LINE Of FUSE CLIPS, 
BLOCKS AND HOLDERS 

• RADAR • INSTRUMENTS • AVIONICS 

The most vital quality of a fuse is dependability, for 
the sole purpose of a fuse is to protect wiring and 
equipment far more costly than the fuse itself. 
If the fuse cannot he depended upon to open when 

it should — but not before — it may become a hazard 
or a nuisance. 
To be sure that a BUSS fuse will always operate as 

it should under service conditions, each and every 
BUSS fuse is individually tested in a highly sensitive 
electronic device that automatically discards any fuse 
that is not correctly calibrated, properly constructed 
and right in all physical details. 
That is why manufacturers and service men through-

out the nation have learned that they can best rely 
on BUSS Fuses. 

GOT A PROTECTION PROBLEM? 

BUSS Fuse engineers have more than a third of a 
century's experience behind them, in designing and 
developing the right fuses to meet industry's ever-
expanding need. Send us your drawings and specifi-
cations. We'll he glad to work with you. 

GET THE FACTS—mail this handy coupon today... 

BUSSMANN Mfg. Co. (Division of McGraw Electric Co.) 
University at Jefferson, St. Louis 7, Mo. 
Please send me bulletin SFB containing complete facts on 
BUSS small dimension fuses and fuse holders. 

Name 

Title   

Company.. 

Address . 
City & Zone   State     1RE-1152 

....... 

BUSSMANN MANUFACTURING CO.. University at Jefferson, St. Louis 7, Missouri  Di . hien McGraw Electric Compaar. 
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to ffelik talicut locult 
• Cutting tubing into exact lengths 
as the first step in the fabrication 
of tubular Electronic parts is a 
simple operation. Or is it? 
Complications set in when the 

temper of the tubing is changed to 
meet customer specifications; when 
the tubing to be cut has a wall 
.010" or thinner; when length 
tolerances as close as .010" are 
required; when a 3° to 10° angle 
cut with a tolerance of ±  is 
called for; and when flattening, 
denting or other distortion must 
be prevented. 
But overcoming complications 

in simple operations ... and find-
ing ways around them in other 
basically more difficult ones, is a 
specialty of the Electronics Divi-
sion of Superior. 

Our customers for Electronics 
parts have come to expect us to 
deliver the goods, exactly to speci-
fications, whether standard pro-
duction or complex experimental 
parts. What's more, they fre-
quently ask us for suggestions 
about improvement on their de-
signs and specifications , .. and 
they get them. 
There is nothing unusual about 

all this—it's our job and we know 
how to do it. If you are a manu-
facturer or experimenter in the 
Electronics Industry and you need 
a tubular part that presents a 
problem, tell us about it. We'll 
probably be able to help and will 
gladly do so. Write The Superior 
Tube Company, 2506 Germantown 
Ave., Norristown, Pennsylvania. 

This Belongs in Your Reference File 

... Send for It Today. 
NICKEL ALLOYS FOR OXIDE-COATED CATHODES: This reprint de-
scribes the manufacturing of the cathode sleeve from the refining of the 
base metal. Includes the action of the small percentage impurities upon 
the vapor pressure, sublimation rate of the nickel base; also future 
trends of cathode materials are evaluated. 

Cutting and Tumbling. ..uit.ng machines awl 
jigs of many types and sizes are combined 
with extensive tumbling equipment to permit 
fast accurate production of quantities of 
parts at Superior. 

Fabrication: Parts can be readily rolled at 
either or both ends, flared, flanged. ex-
panded, or beaded (embossed) as required. 
The anode above is one of many such 
parts we produce at high speed and low cost. 

The Finished Part. Final stage in the fabri-
cation of the part shown above at three stages 
of production is a bend niely controlled for 
both precise angle and freedom from other, 
unwanted distortion. 

All analyses .010" to 'A" 0.0. 

Certain analyses (.3.5" max. wall)Up to 1%" 

SUPERIOR TUBE COMPANY • Electronic products for export through Driver-Harris Company, Harrison, 

32A  PROCEEDINGS OF 
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TORS 

A 7‘17tref—  e4a  'eeend OF 

Germanium Product Research, Development and Manufacture 

•cc.te  for 11‘̀,(Y.6:,,,N,‘',1-_ 

11.• NT, eXeCk!\5.1.0  • .6%.c‘kk itNeVOY%— 

I e...wos 

t."cCe'lk  neyYIN.:0 01.0,..NW\  -  • k,•1 

- \\• ,Pot. No.  
L679,448 

Raytheon's Dr. C. G. 

Smith applies for patent on a 

germanium current amplifier. 

0,0111 
(.050.1 MODES 

GET( 
C OO 

Raytheon  inaugurates  large 

scale production of Germanium 

Diodes. 

Raytheon designed 

and produced this 

Germanium  Photo 

Transistor. 

Raytheon  develops 

the  CK710 Germa-

TWICE  nium Diode Mixer t 

SIZE  replace  silicon  di-

odes. UHF television receiver 

circuits now use the CK710. 

cr) 

the Raytheon CK-

703 Point Contact 

Transistor is perfected and put 

in  production,  now  super-

seded by the improved type, 

CK716, currently available. 

by  early  1953, 

Raytheon Junc-

tion Transistors 

and New Point 

Contact  Tran-

sistors will be 

available  in 

sample 

tities. 

quan-

TWICE 

SIZE 

RAYTHEON  MANUFACTURING  COMPANY 

RAYTHEON MAKES ALL THESE: 

S • MICIIIIVAVE RECEIVING AND PICTURE TRIES 



RAYTHEON Iff" 
ee 

GER MANIU M DIODES 

DIODES 
SHO WN 
TWICE 
SIZE 

CK705 
General 
PUfp0Se 

MAXIMUM RATINGS at 25'C.) 
DC Inverse Voltage (volts.) 
Average Rectified Cur rent (ma.) 
Peak Rectified Current (ma.) 
Surge Current ( for 1 sec.) (ma.) 
Ambient Temperature for all types 

CHARACTERISTICS ( at 25̀C.) 
Max. Inverse Current at 0.6 volts (ma.) 
Max. Inverse Current at -5 volts (ma.) 
Max. Inverse Current at -10 volts ma.) 
Max. Inverse Current at -40 volts (ma.) 
Max. Inverse Current at -50 volts (ma.) 

Max Inverse Current at -100 volts ma.) 
Max. Inverse Current at -200 volts ma 
Mm. Forward Current at • 0.5 volts (ma.) 
Min. Forward Current at +1 volt (ma.) 

Forward Current at +2 volts ( ma.) 
Min. DC Reverse Voltage for Zero 
Dynamic Resistance (volts) 
Shunt Capacitancr:_,  average 
Rectification Efficiency at 54 mc 

(approx."; ) 
Oscillator injection current (ma.) 

.Conversion loss at 500 mt. and noise factor comparable with 1N21B 

*For several years, Raytheon Germanium Diodes 
have been made from "Single Crystal" germanium. 

• MICROWAVE TIES • ItICIIVIlli ANI PICTIlit TINS 



from STOCK 

Th• constant miniaturization of military and portabl• civilian gear has required audio 

components of smaller and smaller dimension. This is particularly itiraggerated in the case of 

transformers for use in transistor circuits. The ' H" series of miniature and sub-miniature units 

described below are herm•tic military types to cover virtually all audio applications For 

ev•n smaller structures our ultra-miniature types are available against quantity orders. 

MINIATURE AUDIO UNITS -RCOF CASE • 
• 

Type  MIL  Pri. Imp.  Sec. Imp.  DC in  Response  Max. level  Lit 
No.  Application  Type  Ohms  Ohms  Pri., MA -±-. 2db. (eye.)  dbm  Price • 

11-1  Mike, pickup, line to grid  TFIAIOYY  50,200 CT, 500 CT•  50,000  0  50-10,000  + 5  $16.50 
11-2  Mike to grid  TF1AllYY  82  135,000  50  250-8,000  +21  16.00 • 

14-3  Single plate to single grid  TF1A15YY  15,000  60,000  0  50-10,000  + 6  13.50 • 

II-4  Single plate to single grid,  TF1A15YY  15,000  60,000  4 200-10,000  +14  13.50 

il H-5 
H-6 

• 

DC in Pri.   
Single plate to P.P. grids  TF1A15YY  15,000  95,000  CT  0 50-10,000  + 5  15.50 • RCOF CASE 

Single plate to P.P. grids,  TF1A15YY  15,000  95.000 Wit  4 200-10,000  +11  16 .00  • DC in Pri. Length  1 25/64 

14.7  Single or P.P. plates to line  TFIAI3YY  20,000  CT  150/600  4 200-10,000  +21 • 
16.50 • Width  61/64 

H-8  Mixing and matching  TFIAI6YY  150/600  600 CT  0  50-10,000  + 8  15.50 • Height  1 13/32 

11-5  82/41:1 input to grid  TFIAIOYY  150/600  1 meg.  0 200-3,000 (4db.)  +10  16.50 • Mounting  1 1/8 

lei 14-10  10:1 single plate to single  TF 1A15 YY  10,000  1 meg. grid • Cutout  7/8 Dia. 

Reactor .. TFIA20YY  300 Henries-0 DC, 50  Henries-3 Ma. °  0 
DC 

,26,00-0300  b.) 0,0 0hm(4sd. +10  1125.00 • Screws .00 

• 

Unit Weight  4-40 FIL. 

H-11   
1.5 oz. 

••   

,!  • 

• 

• SUBMINIATURE AUDIO UNITS...SM CASE 

Type  MIL  Pri. Imp.  Sec. Imp.  DC in Res ponse  Max. level  List 
No.  Application  Type  Ohms  Ohms  Pri.,  MA -1-. 2db. (Cye.)  dbm  Price 

H-30  Input to grid  TF1AlOYY  50"  62,500  0 150-10,000  +13  $13.00 
14-31  Single plate to single grid,  TF1A15YY  10,000  90,000  0 300-10,000  +13  13.00 

31   
H-32  Single plate to line  TFIAI3YY  10,000• • 
14-33  Single plate to low  TFIAI3YY  30,000 

impedance   
H-34  Single plate to low  TFIAI3YY 100,000 

impedance 

SM CASE 

Length  11/16 
Width  1/2 
Height  29/32 

Screw  4-40 FIL. 
Unit Weight  8 oz. 

It-35  Reactor 

200  3 300-10,000  +13  13.00 
50  1 300-10,000  +15  13.00 

60  .5 300-10,000  + 6  13.00 

TF1A20YY  100 Henries-0 DC, 50 Henries-I Ma. DC, 4,400 ohms.  11.00 

• 

• 

ULTRA-MINIATURE UNITS TO SPECIFICATIONS ONLY 
UTC ultra-miniature units are uncased types of extremely small size. They are made to customers' specifications 
only, and represent the smallest production transformers in the world. The overall dimensions are 1/2 x I/2 x 7/16" 

...Weight approximately .2 ounces. Typical special units of this size are noted below: 

Type K-16949 100,000 ohms to 100 ohms ... 6 MW ... 100 to 5,000 cycles. 
Type M-14878 20,000 ohms (1 Ma. DC) to 35 ohms ... 6 MW ... 300 to 5,000 cycles. 
Type M-14879 6 ohms to 10,000 ohms ... 6 MW ... 300 to 5,000 cycles. 
Type M-14880 30,000 ohms (.1 Ma. DC) to 3,000 ohms ... 6 MW ... 300 to 5,000 cycles. 

• 

TYPE UM 

• 200 ohm termination can be used for 150 ohms or 250 ohms, 500 ohm termination can be used for 600 ohms. 

•• can be used with higher source impedances, with corresponding reduction in frequency range. With 200 ohm source, 
secondary impedance becomes 250,000 ohms ... loaded response is -4 db. at 300 cycles. 

can be used for 500 ohm load ... 25,000 ohm primary impedance ... 1.5 Ma. DC. 

>40,094. (.1) 

1 5 0  V A RI C K  ST R EE T  •  NE W  YOR K  1 3 , N. Y. 

EXPORT DIVISION: 13 EAST 40th STREET, NE W YORK 16, N. Y.  CABLES: "ARIAS" 



NE WS and NE W PRODUCTS 
November 1952 

Duplex Signaling Unit 
The Hanunerlund Mfg. Co., Inc., 460 

West 34 St., New York 1, N. Y., has an-
nounced the introduction of a new Duplex 
Signaling Unit consisting of a tone trans-
mitter and frequence selective receiver de-
signed to operate over wire lines, tele-
phone or power line carrier, and radio or 
microwave communications circuits. The 
units4nay be used to transmit and receive 
signaling, dialing, telemetering, teleprint-
ing, supervisory controls or other informa-
tion. 

The equipment is designed for use by 
pipeline and power companies, military 
and governmental agencies, railroads, air-
ports, and other groups requiring remote 
on-off switching, continuous indication of 
operating conditions, and automatic de-
tection of wire line ot power source failures 
along the systems. 
These DSU units have been designed 

to fulfill the need resulting from the in-
creased use of radio and microwave sys-
tems for functions other than simple com-
munications by implementing these new 
operations at minimum cost and at the 
same time making maximum use of spec-
trum space. 
Transmitters and receivers are avail-

able on the same, or different frequencies 
between 2,000 and 6,025 cps. Up to 33 
channels can be used over a single circuit. 

UHF Attenuator 
Empire Devices, Inc., 38-25 Bell Blvd., 

Bayside 61, N. Y., present their new labo-
ratory standard UHF Attenuator, Model 
AT-50, which is now in full production. 

TWO TYPICAL ATTENDATOR PADS 

' ?DOB a 600Eq 

This is a resistive T-network of con-
centric line construction, frequency range 

These manufacturers have Invited PRO-
CEEDINGS readers to write for literature 
and further technical information. Please 
mention your I.R.E. affiliation. 

— dc to 4,000 mc. The vswr is better than 
1.1 to I at all frequencies within the above 
range. Attenuation—standard: 3, 6, 10, 20, 
40, 60 db. Other values available upon re-
quest. Accuracy to ± db. 
UHF Attenuator, Model AT-50 has 

choice of type "C" or type "H" connectors, 
(one male, one female). The rated power is 
250 mw continuous, 500 w peak dissipa-
tion. 
Empire Devices also has available a 

UHF Power Attenuator, Model AT-60 
which has a power dissipation of 2 w con-
tinuous, 2 kw peak, and UHF Step At-
tenuator, Model AT-100. 

Oscillator 
A new portable oscillator, designed as a 

source of signal power for field use, has 
been announced by the Southwestern In-
dustrial Electronics Co. 2831 Post Oak 
Road, P. 0. Box 13058, Houston 19, Texas. 

• 

The Model "MB-1" Oscillator derives 
its operating power entirely from self-con-
tained batteries and covers a frequency 
range of 2 to 20,000 cps in 4 decade ranges. 
An output voltage of 5.5 volts is delivered 
to a 2,000 ohm load, and the instrument 
has an internal impedance of approxi-
mately 400 ohms. Distortion is less than 1 
per cent in the audio spectrum, and the dial 
is accurate to within 2 per cent of its indi-
cation. The unit is equipped with a switch 
which decreases battery gain when full 
output is not required, thereby increasing 
battery life to 100 hours or more for inter-
mittent service. The batteries are housed 
in a separate compartment so that they 
can be replaced in the field without expos-
ing the circuit to dust and weather. Faulty 
operation as a result of moisture conden-
sates has been minimized by careful circuit 
design and by the use of a special range 
selector switch. The unit is housed in a 
splash proof welded aluminum cabinet-
12 X12 X11 inches, and weighs 30 pounds 
with batteries. 

Cycling Timer 
The Add-A-Cycle Timer is announced 

by the Becker Equipment Co., 3020 North 
Cicero Ave., Chicago, Ill. Set-up time is 
reduced to a minimum through the use of 
plug-in adjustable timers supplied in six 
overlapping ranges from 1.5 to 12 seconds, 
to 15 to 120 minutes. Thus it is possible 
to have adjacent cycles with widely vary-
ing time limits. 

The Add-A-Cycle is furnished as a 
basic unit having two plug-in positions. 
Any number of them may be cabled to-
gether and will cycle as a group so an un-
limited number of time cps may be ob-
tained. Normal rating is 10 amperes, 115V, 
60 cps, but special ratings may be had upon 
request. 

Wide-Range Motor Control 
The 302-A, a wide-range speed and 

torque generator, is being produced by 
Industrial Control Co., Wyandanch, Long 
Island, N. Y. It consists of a special motor 
and control box operating from the 117 v 
60 cps line. Motor speed can be varied from 
100 to 10,000 rpm, with a maximum out-
put torque of 1.0 oz. in. 

Matching gear boxes are available for 
any reduction ratio. Motor speed can be 
controlled remotely, either by a varying dc 
voltage or a shaft position. The speed is 
read directly on a front panel meter and 
provisions are made to measure the torque 
delivered to the load. 
The 302-A finds application in auto-

matic control systems, light machine tools, 
industrial process control, coil-winding 
equipment, servo directors, variable speed 
turntables and textile looms. W:th it, 
running torque measurements can be made 
on devices such as gear boxes and tachom-
eters. 

• (Continued on page 98A) 
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To rind Out 
Why More 
More Companies 

SUPER 
DAVOHM 
Precision 

Wire Wound 

RESISTORS 

THE W A ICO. 

195 CENTRAL AVENUE 
NE WARK 4, NE W JERSEY 



WHICH PILOT LIGHT 
DO YOU NEED? 

THE BIG ONE 
This Pilot Light Assembly was first 
made to accommodate the S-I1 lamp 

and was intended for use in the 
cabs of great diesel locomotives. 

DiaIco HAS THE COMPLETE LINE OF 
INDICATOR and PANEL LIGHTS 

ACTUAL SIR 

Cat. #613529-211 

\  This BIG one 

THE LITTLE ONE 

The miniaturization program on defense products required the 
development of this sub-miniature light. It is used 

on communication equipment and aircraft. 
Midget flanged base bulbs to fit are rated 1.3, 6, 12, and 28 volts. 

to suit your own special conditions and 
requirements will be sent promptly 
and without cost. Just outline your needs. 
Let our engineering department assist 
in selecting the right lamp and the best 
pilot light for YOU. 

Write for the DiaIco HANDBOOK of PILOT LIGHTS 
Foremost Manufacturer of Pilot Lights 

The DIAL LIGHT CO11141117 of HENN 
60 STEWART AVE., BROOKLYN 37, N. Y.  HYACINTH 7-7600 

Or 

\ this LITTLE one 

STIR AC1UAL Sil( 
Cat. #8-1930-621 

36A 
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Internatkmal 
RECT-IfIER 

C O R P O R ATI O N 

EL SEGUNDO 

4 & * 0 CALIFORNIA  Ra 
PS 

TYPE U SERIES 

TYPE 1 U 1 
Output 20V - 1.5 ma 
Specifications at 45° C 

Max. Reverse Current  27 ion at 26V 
Rated Forward Current   1.5 ma. 
Shunt Capacitance at 100Kc . . 0.00014 uf 

Maximum Ratings 
Peak Inverse Voltage  .  60 volts 
Max. Average Rectified Current . .1.5 ma 
Peak Rectified Current  20 ma 
Max. Surge Current ( 1 sec)  80 ma 
Ambient Temp. Range.. —50 to 100° C 
Max. RMS Applied Voltage. .. .26 volts 
Max. RMS Input Current 3  75 ma 
Max. DC Output Voltage 20 volts 
Voltage Drop at Full Load  1 volt 
Reverse Current at 10 V RMS..  2.4 ua 
Frequency, Max.  100 Kc 
Also available in 2U1, 3U1, 4U1 

\di 

Sd 

WRITE FOR BULLETIN 5D-1 

TYPE 1T1 
Output 20V - 200 ua 
Specifications at 45° C - 

Max. Reverse Current . . . .6.0 ua at 26V 
Rated Forward Current  200 ua 
Shunt Capacitance at 200 KC . 0.000057 #1 

Maximum Ratings 
Peak Inverse Voltage  60 volts 
Max. Average Rectified Current .200 ua 
Peak Rectified Current  2.6 ma 
Max. Surge Current (I sec)  10 ma 
Ambient Temp. Range.. —50 to 100° C 
Max. RMS Applied Voltage. ...26 volts 
Max. RMS Input Current  500 ua 
Max. DC Output Voltage  20 volts 
Voltage Drop at Full Load  1 volt 
Reverse Current at 10 V RMS  0.6 ua 
Frequency, Max  200 Kc 

Aho available in 2T I 

TYPE T SERIES 

FINTERNATIONAL RECTIFIER 
R P  O R  A  T  I O N 

General Offices: 1521  E. Grand Ave., El Segundo, Calif.  • Phone: El Segundo 1890 
Chic a g o  Br a nc h  Offic e:  20 5  W est  W ac k er  Dri v e  •  Ph o n e:  Fr a n kli n  2- 3 8 89 

Ne w  York  Branch  Office:  12  W est  32 n d  Street, N. Y. 1  •  Ph one:  Chic keri n g  4-001 7 
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Features of the AMPEX Model 500 

AMPEX MODEL 500 SIMPLIFIES TELEMETER ING 

low ..mollts. -ova 
•  ..111111111ft 

41110.-"Im isigi ft.-••■• 
•  ...N M  IIMIN••••  $ 

• 

'0 0 0' we 0 1 

• Records frequencies up to 100 kc. (including all 
RDB bands) 

• Records the output of one to four receivers 

• Overall playback error less than 0.7% on final data 

• Less than 0.1 % peak-to-peak flutter and wow 

• Ruggedly constructed to meet military requirements 

• 16 minutes recording time at 60-inch tape speed 

Entire output of FM-F M 

receivers is recorded on tape 
without detectable error or 
loss of data. 

AMPEX magnetic tape permanently records data 
in electrical form. Data reduction can then be car-
ried out any time, any place and in any way. This 
eliminates the need for complex filter and discrimi-
nation systems at each ground station. This fre-
quently lowers ground station cost and complexity 
to one-third that of alternative installations. Use of 
fewer mechanical and electronic components also 
decreases the chance of losing any critical data. 

The AMPEX Model 500 was developed to achieve 
the extremely steady tape motion and high fre-
quency response required in FM-F M telemetering. 
This performance also serves other data recording 
fields that have similarly high demands. The Model 

500 has a frequency response up to 100 kc. to si-
multaneously record all RDB telemetering bands. 
Its extremely low tape flutter and wow account 
for an overall playback error less than 0.7%, (using 
subcarrier frequencies deviated ± 7 1/2  % ). 

Write for further information to Department G 

AMPEX 
MAGNETIC RECORDERS 

A M P E X ELE C T RI C CO R P O R ATI O N • 934  C H A R T E R ST R E E T • R E D W O O D  CI TY,  CA LI F O R NI A 
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EQUALLY RUGGED and service-free on 
trip was GPI. Utility Projector with "3-2 -

intermittent which permits use with I. 0. 

camera for film telecasting from remotes. 

Rugged GPI_ Camera 
withstands a 
Rugged Trip 

20,000 Miles Cross-Country 
Without Camera Service 

This GPL image orthicon camera has 
just completed a demonstration tour 
to studios in 67 cities from Maine to 
Mexico ... Michigan to Miami. 
Without a single service operation, 

it took the bumps of 20,000 miles of 
hard driving. It was loaded and un-
loaded more than 150 times. Every 
working element received far more 
than normal wear and tear, as usual 
on demonstrations. Yet nothing failed, 
nothing needed replacing. 
This is the kind of ruggedness you 

GPL STUDIO CAMERA CHAIN was packed in 
station wagon ... demonstrating mobility of 
entire chain for fast coverage of news events, 

sports, other programs in the field. 

PROCEEDINGS OP THE I.R.E.  November, 1952 
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TV 

1 

may have for both studio and field 
operations, PLUS all the precision of 
GPL camera design. This unit is en-
gineered for smooth, fast control, 
from pushbutton turret change to re-
mote adjustment or iris and focus. 
For the stations just starting, it has 

many special advantages: in compact-
ness of chains, ease of operations. 
Write, wire or phone, for full de-

tails of the camera equipment that is 
the "industry's leading line—in qual-

ity, in design." 

General Precision Laboratory 
IN C O R P O R A T E D 

PLEASANTVILLE  NE W YORK 

Export Department: 13 E. 40th St., New York, N. Y.  Cable address: Arlab 

Camera Chains • TV Film Chains • TV Field and Studio Equipment • Theatre TV Equipment 
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We've been solving automatic control problems 

for 7years 

Knowing your whereabouts 

under all circumstances 

An opportunity for 
able engineers 

Build a future for yourself as 
an engineer at Ford. If you 
qualify there's a lifetime 
opportunity on  automatic 
equipment design with the 
top name in automatic con-
trol. Write for our informa-
tive, illustrated brochure. 

Stabilizing the guns 
on bouncing tanks 

Controlling guided 

missiles in flight 

Shooting down jet planes 

I from the unstable decks of ships 

Hitting inland targets 

from battleships 

Take one part of the fantastic, mix thoroughly 
with Ford's engineering and production ability, and 
you've got the answer to another "impossible" 
automatic control problem. That has been the 
sum and substance of the Ford Instrument Company 
since 1915. 

Stabilizing a gun on a bouncing tank or a ship's 
plunging deck; governing the unique movement of 
a torpedo; keeping a pilot informed of his 
whereabouts at all times and in all weather — 
Ford found the answer! 

From the more than 16 acres of floor space that 
make up the engineering and production facilities 
of the Ford Instrument Company, come the 

mechanical, hydraulic, electro-mechanical and 
electronic instruments that bring us our 

"tomorrows" today! Research, development, 
design and production are being applied to control 
problems of both Industry and the Military. 

FORD INSTRUMENT COMPANY 
DIVISION OF THE SPERRY CORPORATION 

31-10 Thomson Avenue, Long Island City 1, N. Y. 

Directing torpedoes against surface craft 

40A 
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ONE-PIECE LUGGED 

CONDENSER SEAL #1535 

• Because there has been a consistent 
demand for a one-piece lugged condenser 
seal, Hermetic has developed a complete 
line of these important components, rang-
ing from .152 diameter to .962 diameter. 
The seal provides a one-piece lugged tub-
ing for positive external connections that 
allows minimum center to center assembly 
on smaller sizes. Handling and vibration 
will not affect the security of attachment 
of lug to tubing. The lug cannot come loose 
as in the case of a two-piece assembly. 
Lugged tubing is also available on indi-
vidual feed-throughs and multi-headers. 

This is another example of how Hermetic 
spares no pains to produce the most effi-
cient, most foolproof headers in the elec-
tronics field. It is also another reason why 
Hermetic leadership, based on its many 
outstanding achievements and services, 
is widely recognized from coast to coast. 

For the answer to your problems, contact 
Hermetic, the one and only dependable 
source of supply, and be sure that your 

requirements will be given top engineer-
ing assistance. 

Write for your FREE copy of Hermetic's colorful, 
informative, new, 32-page brochure, the most 
complete presentation ever offered on hermetic 

seals. 

Hermetic Seal Products Co 

FIRST  AND  FOREMOST  IN  MINIATURIZATION 
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Westinghouse 
announces a great new division for full-scale manufacture of 

RELIATRON, ELECTRONIC TUBES 
To Produce and Market A Complete Line of Tubes 

RECEIVING • TELEVISION PICTURE • TRANSMITTING • INDUSTRIAL • SPECIAL PURPOSE 

Westinghouse proudly announces a completely new di-
vision of the Westinghouse Electric Corporation—the 
ELECTRONIC TUBE DIVISION, with headquarters at 
Elmira, New York. 
This division is pledged to become THE leader in re-

search, development, manufacture and marketing of elec-
tronic tubes. To• achieve this aim rapidly and surely, 
Westinghouse has built two of the most magnificent, 
modern electronic tube plants in the world at Elmira and 
Bath, New York. 

OLD IN EXPERIENCE; NEW IN FACILITIES, EQUIPMENT, TECHNIQUES 
It has collected at these plants one of the greatest electronic 
tube engineering and production teams ever assembled. This 
experienced team was recruited from the most talented of 
Westinghouse's 100,000 employees and augmented by key 
experts from throughout the industry. 

The Westinghouse Electric Corporation, too, is a veteran of 
wide electronic tube experience. To cite only a few instances: 

*  Westinghouse produced the first dry-battery operated vac-
uum tube in America—the WD-11. 

*  Westinghouse developed and produced the first vacuum 
tubes utilizing an indirectly heated cathode, introducing 
ac radio operation. 

*  Westinghouse pioneered in high-powered transmitting 
tubes for use in both pulsed and CW radar applications. 
The famous Westinghouse Type WL-530 was in the Pearl 
Harbor radar set which gave the warning of the approach 
of Japanese planes in 1941. These tubes led the way to all 
subsequent radars. 

*  Basic development of the cathode ray television system 
was performed in Westinghouse Laboratories. 

• II 
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KELIATRON Tubes are backed 

- by Westinghouse Reliability 
Because of Westinghouse experience and the 
unlimited resources and facilities of its new 
Electronic Tube Division, it is now producing 
electronic tubes which are the finest ever 
made ...Westinghouse RELIATRON Tubes. 

TUBE RESEARCH AND DEVELOPMENT 

Westinghouse tube leadership is based on 
the untiring efforts of its research staff. These 
men are now improving present rube types 
and developing new types for superior service 
and new applications, including UHF. 

QUALITY CONTROL 

RELIATRON Tube performance is assured 
by exacting quality control. Every step in the 
manufacture of RELIATRON Tubes—from 
raw materials to finished product—must meet 
standards which are the highest in the industry. 

ENGINEERING AND SALES SERVICES 

Whatever your rube problem, you will find 
Westinghouse electronic tube sales represent-
atives and application engineers at your serv-
ice. Sales and engineering offices are strate-
gically located throughout the country to 
serve you. 

ADVERTISING 

Trade acceptance of Westinghouse RELIA-
TRON Tubes will be aided by a nationwide 
advertising campaign second to none. Sales 
promotion programs for distributors and 
service dealers will be hard-hitting sales 
builders. Your product or service will profit 
from the fullest consumer acceptance. 

DISTRIBUTORS, EQUIPMENT 
MANUFACTURERS, WRITE NOW 

For complete information on the Westing-
house line of RELIATRON Receiving Tubes, 
Television Picture Tubes, and transmitting, 
industrial, and special purpose tubes, write 
or wire Westinghouse Electric Corporation, 
Dept. C-11, Elmira, New York. Or call your 
nearest Westinghouse Electronic Tube Divi-
sion Sales office. 

WESTINGHOUSE IN ELMIRA, NE W YORK 

360,000 square feet of steel, glass and brick designed for one thing — 
to house the most efficient electronic tube production in the world. Here are 

produced Westinghouse RELIATRON television picture tubes, transmitting 

tubes, industrial tubes, special purpose tubes —all of unsurpassed quality. 

Here, too, is located the headquarters of the Westinghouse Electronic Tube 
Division with soles, engineering and production management ready to 

extend a warm welcome to you. 

WESTINGHOUSE IN BATH, NE W YORK 

This Westinghouse Receiving Tube plant is another 220,000 square feet of 
modern production efficiency. It lies only a few miles from a major source 

of glass tube envelopes. It is served by all modern transportation media to 
assure prompt shipment of your requirements —only hours away from all 

principal markets. Here at Bath the most modern equipment is operated by 
the industry's leading craftsmen. From it are shipped the finest receiving 

tubes in the industry — Westinghouse RELIATRON Tubes. 

ELECTRONIC 
TUBE DIVISION 

WESTINGHOUSE  ELECTRIC  CORPORATION, ELMIRA, N. Y. 
ET-95001 
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Battery-operated... 
completely portable 

FEATURES: 

• Roads from 0.0002 microampere to 1000 micro-
amperes in six ranges Will indicate current flow 
below one-billionth ampere 

• Can be used with external battery to measure 
extremely high resistance values in the order of 
billions of ohms. 

• Meter movement electronically protected against 
burnrot. 

• Can he used as a voltmeter (e•ternal multipliers in-
cluded) to measure voltages from 0 I volt to 13 volts 
at input resistances from 100 to 1000 megohrns. 

• Voltage drop for full-scale deflectior, on all ranges 
is only 0.5 volt. Has 50-rnegohm input resistance 
on lowest range. 

• flattory-operotod for excellent stability and com-
plete freedom from effects of power-line voltage 
fluctuations. Readily portable. 

$100 00,  Suggested  User  Price  (Batteries  not 
included) 

SPECIFICATI ONS: 

SIX DC CURRENT RANGES. 

0 to 0 01, 0 I, and 1 microampere- 0 to 10, 100, 
and 1000 microamperes. 

ACCURACY: 

On 0 01 -Microampere Range.  5% of full scale 
On All Other Ranges ..  5 4% of full scale 
Voltage Drop for Full-Stale Deflection 

05 volt on all ranges 

INTERNAL SHUNT RESISTANCE: 

O.0141-amp Rang..   50 megohrns 
0.1. 4amp Range  5 rnegohms 
1-µamp Range  0.5 megohms 
104Lamp Rang*  50 000 ohms 
1004Lamp Range  5,000 ohms 
I000-ilarnp Range  500 ohms 

POWER SUPPLY: 

"A" lalbsrles  2 11/4  volts (RCA-V5106) 
"0" Ilaiterliss  2 22'h volts (RCA-VS102) 

DIMENSIONS: 

91/4 " High, 61/4 " Wide, S1/4 " Deep 

WEIGHT: 

' 91/4  lbs. (Incl. ballorliss). 

Useful in laboratories, 

industrial plants, broadcast stations . . . for the measure-
ments of minute currents, critical voltages, high resistance 

The RCA-84A Ultra-Sensitive DC 
Microammeter is a battery-operated 
vacuum-tube microammeter designed 
for the measurement of minute direct 
currents. The instrument has six scales 
for realing currents from 0.0002 micro-
ampere to 1000 microamperes; a ratio 
of 5,000,000 to 1. 

The amplifier circuit is designed so 
that the maximum meter current is lim-
ited to a safe value. This feature protects 
the instrument against meter burnout. 
The meter has a large face with wide 
scale divisions that are easy to read 
accurately. The meter movement is suit-
ably damped to bring the pointer quickly 
to its reading position with negligible 

overawing and without oscillation. The 
selector switch opens the battery cir-
cuits when in the "off" position, and, 
in addition, functions as a polarity-
reversing switch to eliminate the need 
for reversing leads when the current 
polarity changes. - 

The vacuum tubes employed have 
low-drain filaments. In addition, the 
circuit has been designed to keep the 
plate current low. Consequently, bat-
teries have an exceptionally long life. 

•  • 
Ask your RCA Test Equipment Dis-
tributor for descriptive bulletin, or write 
RCA, Commercial Engineering, Sec-
tion KX47, Harrison, N. J. 

Tm S 

RADIO CORPORATIOAI of A MERICA 
TEST EQUIPMENT 

H A R RIS O N, N. J. 
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TC 1 4 Dia.  5 16 Dia. 

P-100  --
NPO  2- 12 MMF 
N- 33  2- 15 
N- 80  2- 15 
N- 150  2- 15 
N- 220  2- 15 
N- 330  2- 15 
N- 470  2- 20 
N- 750  5- 25 
N-1400  15- 50 
N-2200  47- 75 

PO WER FACTOR:  LESS THAN .1 % AT 1 MEGACYCLE 

W ORKING VOLTAGE: 1000 VDC TEST VOLTAGE: 2000 VDC 

DIELECTRIC CONSTANT: NP;g0 3144 Z1:500011 1 N•2200 265K 

CODING: CAPACITY, TOLERANCE AND TC STAMPED ON DISC 

INSULATION: DUREZ PHENOLIC — VACUUM WAXED 

2- 9 MMF 
13- 27 
16- 27 
16- 27 
16- 30 
16- 30 
16- 30 
21- 40 
26- 50 
51-100 
76-100 

mperature Compensating 
as well as By-Pass 

are Rated at 
1000 Working Volts! 

1, 2 Dia. 

10- 30 MMF 
28- 60 
28- 60 
28- 60 
31- 60 
31- 75 
31- 75 
41- 80 
51-150 
101-200 
101-200 

58 Dia.-

61- 75 MMF 
61- 75 
61- 75 
61- 75 
76-100 
76-100 
80-120 
151-200 
200-250 
201 275 

34 Dia.  7/8 Dia. 

76-110 MMF 
76-110 
76-110 
76-110 
101-140 
101-140 
121-170 
201-290 
251-470 
276-470 

111-150 MMF 
111-150 
111-150 
111-150 
141-190 
141:190 
171-240 
291-350 
480-560 
471-560 

If the samples you need are not here —send for them. 

SPECIFICATIONS 
LEAKAGE RESISTANCE  INITIAL 7500 MEG OHMS 

AFTER HUMIDITY 1000 MEG OHMS 

LEADS: :1'22 TINNED COPPER (.026 DIA.) 

LEAD LENGTH: 1/4 " BODY I", 6" BODY 11/4 ", 1/2 " AND LARGER 

BODY 11/2 " 

TOLERANCES:  5%, -I- 10 %,  20 % 

RMC DISCAPS are Designed to Replace Tubular Ceramic and 
Mica Condensers at LO WER COST 

SEND FOR SAMPLES AND TECHNICAL DATA 

DISCAP 
CERAMIC 

CONDENSERS 

RADIO MATERIALS CORPORATION 
G ENERAL OFFICE: 3325 N. California Ave., Chicago 18, III. 

FACT ORIES AT CHICAG O, ILL. AND ATTICA, IND. 

Two RMC Plants Devoted Exclusively to Ceramic Condensers 
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I. HERMETIC  MINIATUR 

• Hermetically Sealed against deteriorating elements. Glass-
to-metal seals throughout. 

• Miniature Size to facilitate use in all electronic equipments, 
yet heat losses are dissipated efficiently. 

• Re-designed to meet all military humidity tests and shock 
and vibration requirements. 

• High Output Voltage and improved back current charac-
teristics. 



odel AJA2A4 desg ned for use  TV 
in 

lies. DC output voltage 10 to I 5 volts It 
ith  com parable selenium rectifiers in a typt 

oubler circuit. 

DIP 
RECTIFIER 

Suggested Application Fields 

Originally developed for military use, the new JAI 
and JA2A Rectifiers may be adaptable to fields ot 
than radar and military communications. Among 
Computers, magnetic amplifiers, TV receiver 
supplies, telephone switchboards. Application info 
swam an other uses can be supplied. Write or wire us 

400 

— 14  300 

444 

— -04 200 
14.4 

1(.1-11,A1AXINUM RATIN:I' 
DI FUSED di/NC-170M 
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6. 0,41AN/UAI REGI ME 
TYffs JAIA -,b12/1  1 
RESISTIVE LOAD  : 

225°L--1-A1  kr 
PEAK 
HivERS 
varA6 

PIA  CUR i EMT 61/ 40 
N W 1WE APOVE PELT/PIERS NAY BE OPERATED 
AT ANY PEAK INVERSE VOLTAGE - PEAK CORRENT 
Po w LOCATED gad & TIT CHARACTERISTIC OF 
THE PARTICULAR MODEL. 

I  I  

FIG.1 

GENERAL 

ABSOLUTE MAXIMUM RATINGS. T 25° C • RESISTIVE LOAD _ 

PEAK INVERSE VOLTAGE 
fvelts) •   

PEAK FORWARD CURRENT 

(omps) • 

D.C. OUTPUT CURRENT 

(110) •   

D.C. SURGE CURRENT 
(amps)   

FULL LOAD VOLTAGE 
DROP (volts) 

OPERATING FREQ. flat 

•Typical absolute maximum ratings. Fo 

lions refer to Fig. 1 

/ON 

300  400 

0.5  1.3 

150 400 

25  75 

0.6  0.7 

50  50 

r other combina• 

DYNAMIC VOLTAGE —CURRENT 
CHARACTERISTICS 
DIFFUSED JUNCTION GERMANIUM 
RECTIHERS, TYRES JAIA -JA2A 

TEMP: 25° C 
FREQ: 60 CPS 

PEAK INVE/ M voLrA6t (VOLTS) 

600  500  400  300  200 
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tions on the diffused junction rectifier 
ore contained in this illustrated bulletin. 
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Electric Company, Section sui 
Electronics Park, Syracuse, N. Y. 
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TYPE 730 

Potentiometer accuracy improved! 
Fairchild Precision Potentiometers now offer 

greater accuracy and longer life than ever before 

TYPES 747 and 7411 

TYPE 740 

Experience with Fairchild Precision Potentiometers in hundreds of 
applications shows that these units far exceed their original guaran-
teed tolerances. As a result, accuracies of -±-1% in non-linear types 
and as high as -±0.05% in linear types can be guaranteed. Service 
life as high as 10,000,000 cycles, under certain conditions, also can 
be provided. high resolution, low torque, and low noise level are 
other performance features worth noting. 
Fairchild Precision Potentiometers perform mathematical com-

putations in electrical computing systems for machine-tool controls, 
process controls, telemetering, guided missiles, flight control, fire 
control, and analog computers of all types. They are available in non-
linear and linear types and in ganged combinations of either or both 
with windings to meet your requirements. 
If you want accuracy in your control systems, ask about Fairchild 

Precision Potentiometers. 

SPECIFICATIONS OF FAIRCHILD PRECISION POTENTIOMETERS (Nominal Values) 

TYPE 736  TYPE 746 TYPE 747  TYPE 748 
Resistance Range, ohms 
Linear (standard), min. 

max. 
Linear (special), mm. 

max. 
Non-Linear 

Electrical Function Angle, deg. 

Electrical Contact Angle, deg., max. 

Mechanical Rotation 

Functional Tolerance (guaranteed), per cent 
Linear, Some Non-Linear 
Other Non-Linear   

Mechanical Accuracy 
Concentricity (shaft to pilot bushing), in., FIR max. 
Radial Shaft Play, in., max. 

Shaft, dia., in. 

Pilot Bushing, dia., in. 

680 -±-3% a  680  a 
115,000 -±-3% a  115,000 • 3% a 

85 -±-3%  85  3% a 
145,000 -±-3% a  145,00 !_ 3% a 

3,000 -±-5̀, a 
100,000 -±5" a 

50  a 
115,000 ±5% a 

5,000 _t-5% a 
150,000 15% a 

80 t 5% a 
200,000  5% a 

Torque, oz. in. per cup 

Wattage (rated at 40 C ambient temperature) 2.5 

Terminal Voltage, max. 

Voltage Breakdown at Sea Level (60 cycle) RMS 900 
Taps, number per cup 

accuracy of location, deg. 
width, deg., max. 

Ganging on Single Shaft, max.  5 

Operating Ambient Temperature Range, deg. C  -55 to 4 71 

Service Life, cycles, max. 5,000,000 

Dimensions, in. 
Diameter 
Length (one cup), max. 
Added Length Per Unit Ganged 

320 nominal 

340 

Continuous 

320 nominal 

340 

Continuous 

±-0.50 C  ±0.50 e 
±1.00 

0.0025 
0.0015 

Centerless ground stain-
less steel to 0.2500 
(4 0.0000, --0.0005 in.) 
Machined to 0.5000 

( 0.0000, -0.0005 in.) 

0.0010 
0.0009 

Centerless ground stain-
less steel to 0.2497 

( 4 0.0000, -0.0002 in.) 
Machined to 0.5000 

( 0.0000, -- 0.0005 in.) 
2.0 1.5 

351.3 -2:0.5 354.5 -±0.5 

351.3 ( 4 4, -co)  354.5 ( 4 4,  0) 
Continuous  Continuous 

-±0.15 d  0.100 

0.0025 
0.0015 

Centerless ground stain-
less steel to 0.2500 

( 4 0.0000, - 0.0005 in.) 
Machined to 0.7500 
( 0.0000,  0.0005 in.) 

400 
2.5 

400 

0.0025 
0.0015 

Centerless ground stain-
less steel to 0.2500 
(-4 0.0000, - 0.0005 in.) 
Machined to 0.7500 

( 4 0.0000, - 0.0005 in.) 

1.0  10 

4 

400 

9 f 
-±1 
1.00 1 

900 

1 fg 

1.00 I 

900 

12 h 
-1 
0.75 l 

1.899 
0.795 
0.609 

20 

5 

400 

900 

16 h 

0.60 i 
10 

- 55 to  71 

5,000,000 j 

1.750 
0.800 -±0.009 
0.580 -1.0.002 

10 

55 to  71  -55 to 4 71 
10,000,000 j  10,000,000 j 

2.093 
1.156 
0.594 

a Tolerance on both linearity and over-all resistance may vary or be improved 
depending on resistance value required. 

b Maximum resistance range depends on requirements. Tolerance on over-all 
resistance of non-linear windings is -±-5%. 

c Linearay up to zt0.300/0 on the higher resolution windings by special order. 

d Linearity up to -2:0.10% on the higher resolution windings by special order. 
• Linearity up to =t0.05 % on the higher resolution windings by special order. 

SAMPLE POTENTIOMETERS IN A HURRY? Send your potenti• 

ameter problems to the Fairchild Potentiometer Sample labora• 
tory and we'll show you how to solve them. Sample units can be 
designed and built at nominal cost in 4 to 6 weeks after 

receipt of approved specifications. For full details write to 
Potentiometer Division, Fairchild Camera and Instrument Cor-
poration, Pork Avenue, Hicksville, Long Island, New York, 
Department 14(1-30H 

3.093 
1.156 
0.594 

f By adding dummy cup section, 19 taps can be provided. 

g Two taps can be provided by slight design modification using terminal board 
clamp screw modified for wiper terminal. 

h Depending on spacing requirements and without moving bridge or wiper terminal. 

Varies with resolution. 

i Life will be guaranteed depending on specific potentiometer required. 

MC-11//111, 
PRECIS/ON POTENTIO METERS 
/I 
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An automatic heat treat machine. Production is about 3 times that possible 
with manual methods while quality is held within very close limits. 

CRUCIBLE 

MAGNETS 
ALNICO KEEP COSTS DOWN ... through 

automatic production that gives quality control 

Alnico magnets have been getting smaller and lighter, thanks to pro-
duction techniques in use at Crucible. Automatic machinery cuts the 
possibility of human error to a minimum, so rejections are low. This 
helps to maintain stable price levels in the face of rising material and 
labor costs. At the same time, Crucible's rigid inspection standards 
and attention to quality have developed a magnet with the highest gap 

flux per unit weight of any on the market. 

Today, Crucible can offer lighter, magnetically stronger Alnico 
magnets because of these automatic production techniques developed 

over the sixteen years that we have been producing the Alnico alloys. 
And behind our familiarity with permanent magnets lies more than 

52 years' experience with specialty steelmaking. Let us advise you 

on your magnet problem. 

CRUCIBLE first name in special purpose steels 

E2rA244  .s.theemai4,6  PERMANENT ALNICO MAGNETS 
CRUCIBLE STEEL COMPANY OF AMERICA, GENERAL SALES OFFICES, OLIVER BUILDING, PITTSBURGH 30, PA. 
STAI NLESS  • REX  HI GH  SPEED  • TO OL  • ALL OY  • MACHI NERY  • SPECI AL  PURP OSE  STEELS 
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FOR smooth 
DEPENDABLE ELECTRICAL CONTROL 

• Today, more Ohmite rheostats are being purchased than 
all other makes combined. There's a reason for this overwhelm-
ing preference. Ohmite rheostats are smoother to operate. Their 
metal-graphite brush glides smoothly over the, winding. And 
Ohmite rheostats last longer. Their all-ceramic and metal con-

struction . . . windings permanently locked in place by vitreous 
enamel . .. wear-resistant bearings . . . mean extra years of 

trouble-free performance. 

Ohmite rheostats are 
stocked in ten sizes — 
25 to 1000 watts. Also 
many special types 
promptly made to order. 

Write on company letterhead for complete catalog. 
Ohmite Manufacturing Company 

4861 Flournoy St., Chicago 44, 111,nois 

CANUTE 
IN WIRE- WOUND RHEOSTATS AND RESISTORS 
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SE 
DOESN'T COU 

A tired hull fighter that almo 

a defective capacitor 

good service  have much in corn 

•  7.  
In bull fighting as in building high quality capacitors. 

being close to proper performance  close to depend. 

ability  isn't good enough 

To make sure that El Menco Silvered-Mica Capacitors 

maintain higher standards in every electronic applica-

tion, they are built with precision by expert craftsmen 

using the finest materials  ond each unit is factory-

its working voltage 

JOBBERS AND DISTRIBUTORS:  For informal, 
write to Arco Electronics, Inc., 103 Lafayette Si., 
New York, N. Y. —Sole Agent for Jobbers an-3 
Distributors in U. S. and Canada. 

M OLDED MICA  MICA  TRI M MER 

CAP ACIT ORS 
*arise end 1•10..s.en Mantolonerwr•r%. ()gringo" and •° " ° Co mmwriotel• Du ne %loth Ises•ty 

THE ELECTRO MOTIVE MFG. CO . WILLIMANTIC, CONNE(TICU 
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Units shown magnified approximately VA times 

Make sure of meeting government "specs"... 

see C.T.C. for ceramic insulated components 

You have to be 100 % on-the-beam if 
your equipment is to withstand the 
conditions it must undergo in military 
service. 
That's why manufacturers using 

electrical and electronic components 
turn to C.T.C. for their ceramic insu-
lated units. Our long experience and 
constant dealing with government re-
quirements have gained us a wide ac-
ceptance as an outstanding supplier to 
those working on U. S. contracts. 
especially for the armed forces. 
Whatever your needs in ceramic in-

sulated terminals, feed-throughs or 
terminal boards you can depend on 
C.T.C. We meet the most exacting 
government standards for materials, 
tolerances, finishes, moisture preven-
tion and anti-fungus treatment. Fin-

ishes on metal surfaces for instance, can 
be hot tinned, electro-tinned, cadmium 
plated, silver plated or gold plated to 
your requirements. All ceramic units in 
our standard line are grade L-5, silicone 
impregnated. 
C.T.C. offers a consulting service at 

no extra charge to help solve your spe-

cial problems. For all specifications and 
prices, write to Cambridge Thermionic 
Corporation, 456 Concord Avenue, 
Cambridge 38, Mass. West Coast Man-
ufacturers contact: E. V. Roberts, 5068 
West Washington Boulevard, Los 
Angeles 16 and 988 Market Street, 
San Francisco, California. 

C A M B RI D G E  T H E R MI O NI C 
C O R P O R A TI O N 

custom or standard... the guaranteed components 
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GOVERNMENT APPROVE 

Iv- 5 
AIRCR FT WIR 

A WG SIZES 
24-22-20-18-16-14 

12 40-8-6 

ALSO 
144 411IL.C.7078 (MIL- W.5086) 

WITH SHIELD 

COMPLETELY EXTRUDED 

ISSULArioss 

Primary Insulation: Polyvinylchloride 

Overa// Insulation: Nylon Jacket 

Write for samples 
and complete test data. 

RHODE ISLAND INSULATED WIRE CO., Inc. 

53 BURNHAM AVENUE CRANSTON, RHODE ISLAND 

PROCEEDINGS OF THE I.R.E. Nvvember, 1952 

National Sales Offices: 624 S. Michigan Blvd., Chicago, Ill. 
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KENYON 

TRANSFORMERS 

FOR 

1 A N Applications 

Radar 

Broadcast 

Atomic Energy Equipment 

Special Machinery 

Automatic Conti ols 

Experimental Labor atories 

FOR STANDARD AND SPECIAL 

APPLICATIONS 

For more than 25 years, Kenyon has led the field in producing premium 

quality transformers. These rugged units are (1) engineered to specific 

requirements (2) manufactured for long, trouble-free operation (3) meet all 

Army-Navy specifications. 

Write for details 

KENYON TRANSFOR MER CO., Inc. 

840 Barry Street, New York 59, N. Y. 
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#l ai2C "S,60 BY GUARDIAN V . 

Series 165 DC Relay 

OPERATE AT HIGH SPEEDS WITH MAXIMUM EFFICIENCY... 

With millions of lives depending upon perfect operation of airplane landing gears, leading 

manufacturers usually specify Guardian sealed solenoid contactors for this crucial phase 

of airplane control. Again, Guardian Relays are specially designed to control airplane com-

munications, gun firing, guided missiles, lighting equipment, among dozens of control applica-

tions. For electronic timing of camera shutters or controlling intervals in welding and plastic 

molding, or measuring speeds that are beyond the accuracy and scope of mechanical means, 

a fast-acting Guardian Relay like the Series 165 D.C. is used with a capacitor and an adjust-

able resistor connected to the grid of a thyratron or "trigger" type tube. As the capacitor 

discharges, the grid potential reaches a point where the tube becomes conductive to 

energize the relay. Guardian Relays are available with open type mountings or hermeti-

cally sealed. They possess a demonstrated ability to control your product in a superla-

tive manner. Write. 

GUARDIAN  ELECTRIC 
CHICAGO 12, ILLINOIS 1628-M W. WALNUT STREET 

A COMPLETE LINE or RELAYS SERVING AMERICAN  INNusliry 
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electronic wire and cables 
for standard and special applications 
Whether your particular requirements are for standard or special 
application, choose LENZ for the finest in precision-manufactured 

electronic wire and cable. 

GOVERNMENT PURPOSE RADIO AND 

INSTRUMENT HOOK-UP WIRE, 

plastic or braided type, conforming to Government 
Specification JAN-C-78, etc., for radio and instruments. 
Solid or flexible conductors, In a variety of sizes and 
colors. 

RADIO AND INSTRUMENT HOOK-UP WIRE, 

Underwriters Approved, for 80 C., 90 C. and 105 C. 
temperature requirements. Plastic insulated, with or 
without braids. 

RF CIRCUIT HOOK-UP AND LEAD WIRE 

for )(HF and UHF, AM, FM and TV high frequency cir-
cuits. LENZ Low-Loss RF wire, solid or stranded tinned 
copper conductors, braided, with color-coded insula-
tion, waxed Impregnation. 

SHIELDED MMUULLTTIIPPLLEE  CONDUCTOR CABLES 

Conductors: Multiple —2 to 7 or More of flexible tinned 
copper. Insulation: extruded color-coded plastic .Closely 
braided tinned copper shield. For: Auto radio, indoor 
PA systems and sound recording equipment.  • 

SHIELDED COTTON BRAIDED CABLES 

Conductors: Multiple  2 to 7 or more of flexible tinned 
copper. Insulation: extruded color-coded plastic. Cable 
concentrically formed. Closely braided tinned copper 
shield plus brown overall cotton braid. 

SPECIAL HARNESSES, 

cords and cables, conforming to Government and civilian 
requirements. 

SHIELDED JACKETED MICROPHONE CABLE 

Conductors: Multiple  2 to 7 or more conductors of 
stranded tinned copper. Insulation: extruded color-
coded plastic. Closely braided tinned copper shield. 
Tough, durable jacket overall. 

= f „4,„„xAs,„AAitAx74 

JACKETED MICROPHONE CABLE 

Conductors: Extra-flexible tinned copper. Polythene 
insulation. Shield: i36 tinned copper, closely braided, 
with tough durable jacket overall. Capacity per foot: 
29MMF. 

TINNED COPPER SHIELDING AND 

BONDING BRAIDS 

Construction: 134 tinned copper braid, flattened to 
various' widths. Bonding Braids conforming to Federal 
Spec. QQ-B-S75 or Alr Force Spec. 94-40229. 

mon 
PA AND INTERCOMMUNICATION CABLE 

Conductors: 022 stranded tinned copper. Insulation; 
textile or plastic insulated conductors. Cable formed of 
Twisted Pairs, color-coded. Cotton braid or plastic 
jacket overall. Furnished in 2, 5, 7, 13 and 25 paired, or 
to specific requirements. 

Lenz Electric Manufacturing Co. 
1751 N. Western Ave., Chicago 47, Illinois 

Our 48th Year in Business 

cords, cable and wire for radio •p. a.. test instruments • component parts 
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gh Fidelity Transformers 

• EASY TO READ 

Hermetically 
ealed Components 
meet MIL-T-27 Specs 

Commercial Components 

Direct reading on 

a 4" scale. 

Protected against 
overload. 

A precision elec-

tronic megohmmeter 

which for years has 

given  satisfactory 

service in hundreds 

of laboratories and 

on production lines. 

• RAPID & SAFE TO USE 
Test  voltage  removed  from 
terminals and capacitive com-
ponents discharged  to ground 
in all  positions of multiplier 
switch. 

SPECIFICATIONS 

0 ACCURATE 
Within 3% up to 100,000 
megohms,  5%  from 
100,000  to 2,000,000 
megohms. 

Range: 1 megohm to 2,000,000 megohms in six overlapping ranges 
selected by a multiplier switch. 
Voltages on  Unknown: The voltage applied to the unknown 
terminals is 500 volts d-c and is independent (less than 1%) 
of the value of the unknown. 
Stability: Line voltage variations from 105-125 volts will cause 

less than 2% variation in the meter reading. 
Power Supply: 1U5-125 volts A.C. 

Niihr Net Weight: 18 pounds. 

Sub-miniature 
herm etically sealed 
Toroidal Inductors 

50-60 cycles 30 watts. 
Dimensions: 91/2 x 101/2 x 8 

Freedseal Treatment  Miniature Inductors 
ANE-19 Specs 

Pulse Modulators 

FREED TRANSFORMER CO., INC. 
1720B WEIRFIELD ST. (RIDGE WOOD) BROOKLYN 27, N. Y. 



Accurate— Portable—AVAIL ABLE 

The Type H-12 

Gold Plating of the oscillator cavity ond tuning 
plunger assures smooth action and reliable performance 

over long periods. Generous use of silicone-treated 
ceramic insulation, including resistor and capacitor 
terminal boards, and the use of sealed capacitors, 

transformers, and chokes, insures operation under con-
ditions of high humidity for long periods. 

UHF SIGNAL GENERATOR 
This compact, self-contained unit, weigh-
ing only 43 lbs., provides an accurate 
source of CW or pulse amplitude-modu-
lated RF. A well-established design, the 
Type 12 has been in production since 1948. 
The power level is 0 to —120 dbm, con-
tinuously adjustable by a directly cali-
brated control accurate to  2 dbm. The 
frequency range is controlled by a single 
dial directly calibrated to  17,-. Pulse 
modulation is provided by a self-contained 
pulse generator with controls for width, 
delay, and rate; or by synchronization 
with an external sine wave or pulse gen-
erator; or by direct amplification of ex-
ternally supplied pulses. 

fiCORPORATION -BOONTON, N. J. 

900-2100 Megacycles 

Built to Navy specifications for research 
and production testing, the Type H-12 
Signal Generator is equal to military 
TS-419/U. It is in production and avail-
able for delivery. 

Price. $1,950 net, f.o.b. Boonton, N. .1. 

Type H-14 Signal Generator 

(108 to 132 megacycles) for testing OMNI 
receivers on bench or ramp. Checks on: 
24 OMNI courses, left-center-right on 

90 150 cps localizer, left-center-right on 
phase localizer, Omni course sensitivity, 
operation of TO-FROM meter, operation 
of flag alarms. 

Price: $942.00 net, f.o.b. Boonton, N. J. 

ircraft  adio 
Dept. 2 

WRITE TODAY for descriptive litera-
ture on A.R.C. Signal Generators or air-
borne LF and VHF communication and 
navigation equipments, CAA Type Cer-
tificated for transport or private use. 

Dependable Electronic Equipment Since  1928 
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New CBS-H URON 

Germanium Diodes 
Guaranteed Moisture-Proof! 

D 

lf 

44 

Mechanical Specifications 
A..020" copper-clad wire 
B. Nickel-silver "clip-in" pin 

C. Glass-filled plastic case 

D. Germanium crystal soldered directly to base 

E. .005" tungsten cat whisker 

F. Moisture-resistant impregnating wax 

W HY CBS-HYTRON  GERMANIUM 

DIODES ARE BETTER RECTIFIERS 

1. MOISTURE-PROOF . . . eliminates hu-
rnidit y and contamination problems 

2. SELF-HEALING . . . self-recuperating 
from temporary overloads 

3. SUBMINIATURIZED . . . only Y2 inch 
long, 1, , inch in diameter 

4. SOLDERED WAFER . . . omission of 
plating eliminates flaking 

5. LO W SHUNT CAPACITY . . . 0.8 µmid 
average 

6. SELF-INSULATING CASE . . . mounts 
as easily as a resistor 

7. EXCEPTIONAL LIFE ...10,000 hours 
minimum under rated conditions 

8. NO FILAMENTS. .. low drain, no hum 

I MIN 

GENERAL PURPOSE 
TYPES 

1N48 

1N51 

1N52 

1N63 

1N64 

1N65 

1N69* 
1N70* 

1N75 

1N81* 

*JAN TYPES 

Vital germanium wafer in a CBS-Hytron diode is guaranteed moisture-proof. 
Sealed against deadly moisture . . . fumes . . . and contamination, a CBS-

Hytron diode keeps moisture where it belongs ... out! First, by a chemically 
and electrically inert impregnating wax. Second, by a glass-filled phenolic 
case. With moisture-proof CBS-Hytron germanium diodes, you can be sure of 

maximum trouble-free life. 
Superior techniques also permit CBS-Hytron to omit plating of the ger-
manium wafer. Soldering is directly to the base. Thus flaking is eliminated 
and quality improved. Universal design of CBS-Hytron diodes follows Joint 
Army-Navy specifications. "Clip-in" feature gives you versatility, rugged-

ness, and electrical stability. Flexible pigtails of copper-clad steel welded into 
sturdy nickel pins also insure you against damage by soldering heat. 

Check the eight important-to-you reasons why CBS-Hytron moisture-Proof 
germanium diodes are better rectifiers. Send today for complete data and 
interchangeability sheets. Specify CBS-Hytron guaranteed moisture-proof 

diodes for superior, trouble-free operation. 

CBS 
YT R 0 
AD•0 TvIII 

1 1 1 " 1 " k O t li k 

OF CO 
P. 'CA,AS \ON  \APPC!Atk WaCADC,PSWO,C,  c‘EPP, VAC 

SALEM, MASSACHUSETTS 
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SELF-SUPPORTING AND UNIFORM CROSS-SECTION GUYED TOWERS 
Illustration above shows five Truscon Steel Radio Towers 

operating for Radio Station WMAK, Nashville, Tennessee 

60A 

TRUSCON STEEL CO MPANY 
1072 ALBERT  STREE T 

YOU N GST O W N II, O HI O 

Subsidiary of Republic Steel Corporation 
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ILABORATORY for ELECTRONICS, INC. 
Research, Engineering 

and Production of Precision 
Electronic Equipment 

MODEL 401 OSCILLOSCOPE 

— a high gain, wide band, ver-
satile, general purpose instrument 
for precise, quantitative studies of 
pulse waveforms, transients and 
other high or low speed electrical 

phenomena. 

For complete information Ask 

for Bulletin 052 

MODEL 101 MAGNETOMETER 

Accurately measures mag-
netic field strength using 
the principle of nuclear 
resonance. 

For complete information 
Ask for Bulletin M52 

MERCURY DELAY LINES 

Used for storage of information, 
comparison of two sets of infor-
mation, correlations and sequen-
tial timing devices, they are the 
smallest, most compact lines 

available. 

For complete information Ask for Bulletin MDL51 

MODEL 802 STABLE MICRO WAVE OSCILLATOR 

Provides a highly stable source 
of microwave signals, suitable 
for use as a laboratory standard. 
Features a direct reading fre-
quency dial, sine wave modu-
lation input and self-contained 
power supply. 

ATO 
0/" 

CT  CS 

• Engineering 
Representatives: 
Albuquerque, New Mexico 
Gerald B. Miller Company 
302  West Central Avenue 
Albuquerque 3-1998 

Alexandria, Virginia 
W. A. Brown & Associates 
3834 Mt. Vernon Avenue 
Overlook 6100 

Atlanta, Georgia 
W. A. Brown & Associates 
1570 Northside Drive 
Vernon 5395 

Boston 15, Mass. 
Walter T. Hannigan Company 
43 Leon Street 
Garrison 7-2650 

Chicago 45, Illinois 
Hugh Marsland & Company 
6405 N. California Avenue 
Ambassador 2-1555 

Cleveland 15, Ohio 
M. P. Odell Company 
2536 Euclid Avenue 
Prospect 1-6171 

Dallas 1, Texas 
J. Y. Schoonmaker Co. 
2011-13 Cedar Springs 
Sterling 3335 

Dayton 6, Ohio 
M. P. Odell Company 
2676 Salem Avenue 
Oregon 4441 

Hollywood 28, California 
Gerald B. Miller 
1540 N. Highland Avenue 
Hollywood 9-6305 

Minneapolis 2, Minnesota 
H. M. Richardson & Company 
2210 Foshay Tower 
Geneva 4078 

New York 23, New York 
Land -C-Air Sales Company 
1819 Broadway 
Plaza 7-7747 

San Francisco 3, California 
Gerald B. Miller Company 
1355 Market Street, Space 280D 
Klondike 2-2311 

Wichita, Kansas 
George E. Harris & Company 
306 Lulu, P. 0. Box 3005 
Telephone 62-2731 

Phone or write your representative 

for complete information on 
LFE electronic equipment. 

75 PITTS STREET BOSTON 14, MASS. 

PRECISION ELECTRONIC EQUIPMENT • OSCILLOSCOPES • MAGNETOMETERS • COMPUTERS • MICROWAVE OSCILLATORS • MERCURY DELAY LINES 
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Are you headed for trouble with 
your vibrator power supply units? 

'Reg. U. S. l'at. Off. 

.-441r—lpgent"'" 

Specification of vibrator frequency, voltage and size is no guarantee that 
your power supply unit will do its job right ... permit your mobile radio 
equipment to operate properly. 

To get long, trouble-free performance, the power circuit must be designed 
so that the characteristics of the vibrator are in balance with the trans-
former and buffer capacitor. 

That kind of designing is a job for experts ... engineers with specialized 
knowledge, skill and experience. 

Experienced manufacturers of mobile communications equipment turn to 
Mallory because theyknow Mallory has facilities, knowledge and engineer-
ing skills that are available nowhere else. 

Mallory pioneered practical vibrator development ... produced the first 
commercial vibrator more than 20 years ago. Since that time, Mallory has 
developed and produced many new and improved types of vibrators for 
both civilian and military use. 

Today Mallory is recognized as the leader in the field and more Mallory 
vibrators are used as original equipment in mobile radios than all other 
makes combined. 

You'll save yourself time, trouble and expense in conneCtion  ith vibrator 
power supply .units by calling  on  Mallory  while your  plans  are  indesign stage.  Write or telephone Mallory today.  the   

Vibrators and Vibrapack* Power Supplies 

MALLORY 
P. R. MALLORY a CO.. nc. SERVING INDUSTRY WITH 

Electromechanical Products—Resistors • Switches • TV Tuners • Vibrators 

Electrochemical Products— Capacitors • Rectifiers • Mercury Dry Batteries 

Metallurgical Products—Contacts • Special Metals • Welding Materials 

P.  R.  MALL ORY  &  CO.,  INC.,  INDIA N AP OLIS  6,  IN DI A N A 
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"  

FOR LONG, QUIET AND 

TROUBLE-FREE OPERATION 

SPACE-SAVER 
DUAL-SHAFT CONTROLS 
Tiny Stackpole Type LR Controls in dual-

shaft* designs, with or without line switches, 
handle ample power in minimum space for 
TV receivers, auto radio and other equip-
ment. A variety of standard curve, tap, switch 
and shaft specifications is available. 

(*Designated as Type LX) 

OUT-OF-THE-ORDINARY CONTROLS 
As long-time producers of resistance units, small 

switches, plus molded carbon-graphite and metal 
powder specialties, Stackpole offers unsurpassed 
facilities for the design and production of special-

purpose variable'resistance units. 

RATED 1/2 WATT-ONLY 5744" IN DIAMETER 
Extremely quiet, stable under wide humidity varia-

tions and built for long life, these little Stackpole 
LR Controls dissipate a full .5 watt under normal 
TV or similar use.  S.P.S.T. or D.P.S.T. line 

switches available. 

A CONTROL FOR HEAVIER DUTY 
Only slightly larger than the smallest 

Stackpole controls, these popular Type LP 
units are conservatively rated at .6 watt 
for the average application. Standard con-
struction includes gold-plated ring spring 

contactors. 

WRITE FOR CATALOG RC-8 
for Jull details on Stackpole Variable 
Resistors and other electronic components. 

Electronic Components Division 

STACK POLE  CARBON  CO MPANY 
St. Marys, Pa. 
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An RCA progress report 

... on Transistors  

MORE THAN FOUR YEARS AGO. RCA embarked on 
a research and development program to determine 
the practicability of transistors in the field of elec-
tronics. The early work was concerned with the 
principles, designs, and applications of point-
contact transistors; and later was expanded to in-
clude junction transistors and other similar semi-
conductive devices. 

As an important recent result of the studies on 
point-contact transistors, RCA Tube Department 
engineers have made in the laboratory experimen-
tal point-contact transistors which oscillate at fre-
quencies above 200 megacycles, one of which 
exceeded 300 megacycles. This achievement opens 
the way to the use of transistors in FM radio and 
in VHF television, in addition to their previous 
potentialities for low-frequency applications in-
cluding audio and switching uses. 

This work has also led to considerable success 
in developing junction transistors for audio and 
radio amplifier applications. A point of particular 
significance is that much progress has been made in 
the development of practical assembly techniques. 

Point-contact types are now being sampled to 
equipment manufacturers and government agen-
cies as a part of our development program. It is 
anticipated that junction transistors will be avail-
able for similar sampling in the near future. 

Although much remains to be &one, promising 
results have been attained in controlling the char-
acteristics of both types of transistors; pilot pro-
duction runs are being made. 

Meanwhile RCA is pushing forward its develop-
ment program to assure its customers that the com-
mercial transistors of the future will be made to 
the same high standards of quality and depend-
ability as the RCA electron tubes of today. 

RADIO CORPORATIO N of A MERICA 
EL ECTR O N TUBES 

HA R RISO N. N../. 

V 

TMK. 
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The Transistor Issue 

The Board of Directors of The Institute of Radio Engineers, in its continued endeavors to 

meet more fully the needs of the membership, has established the precedent of authorizing on a 

nonscheduled basis special issues of the PROCEEDINGS OF THE I.R.E. Each such special issue is 

devoted, in timely fashion, to new and basically important portions of the domain of communi-

cations and electronics. 

This present, greatly expanded issue of the PROCEEDINGS, the second such special issue to be 

published, is one assigned to a novel, significant, and rapidly developing field, namely, the 

broad subject of semiconductors and those of their properties and applications of primary 

interest to the membership of the Institute. Specifically, it is concerned also with electronic de-

vices based on germanium, thus including the whole class of components known as "transistors." 

Upon its emergence four years ago, the transistor promised to be one of the truly major ad-

vances, even in an art which has been accustomed to giant-stride progress. The fulfillment of 

this promise, however, depended on the difficult task of determining how to transform the 

transistor from a laboratory oddity to a practical device which could be manufactured uniformly 

and in quantity. Marked strides of recent months has furthered progress rapidly toward this 

goal, so that the threshold of activity has now been reached where the many capabilities of the 

transistor may be systematically explored, developed, and widely utilized. 

The subject is a vast one, and under rapid development. There have, nevertheless, been 

gathered here a large selection of significant and instructive original papers covering both 

theory and practice, which it is believed will constitute a substantial and timely contribution 

to knowledge and expansion of this new and important field. 
—The Editor. 
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cn 
Transistor Lineage 

THE EXTENSIVE and rewarding research and 
development work already carried out in the tran-

  sistor field fully justifies the dedication of this is-
sue of the PROCEEDINGS OF THE I. R. E. to the electronic 
aspects of certain semiconductors. In a similar sense, 
this issue may be regarded as a tribute to those effective 
and tenacious workers and organizations many of whose 
accomplishments are described herein. 

It seems timely and permissible also to endeavor 
partly to orient the transistor in certain of its historical 
and evolutionary respects. 

Students of scientific advances often find that these 
largely issue from the operation of two factors, namely, 
progressive cyclic history, and inventive dependence on 
availability of instrumentalities. 

Progressive cyclic history involves the recurrence of 
events or material arrangements in a form strongly sug-
gestive of, or broadly based on earlier occurrences or as-
semblies. In brief, history repeats itself—but always 
with a difference. Examples of this cyclic phenomenon 
are modern microwave developments as a recent vastly 
improved version of the original Hertzian wave experi-
ments. Radar obviously suggests the reflections of elec-
tromagnetic waves, both in the optical and radio fields 
as long ago discovered. Coherers and crystal detectors 
seem to be the remote and primitive ancestors of the 
semiconductive rectifiers and amplifiers of today. There 
are many other examples of the repetitive tendency 
which will occur to the readers. 

It should he noted, however, that the recurrent or 
later invention is always an elaboration, improvement, 
or inspirational modification of earlier knowledge, and 
forms a substantial addition to mankind's store of in-
formation. For this reason, the inventive genius in-
volved in the later developments often equals or even 
transcends that involved in the earlier and analogous 
case, even though historically the later work may some-
times be overshadowed by the pioneer aspect of the ear-
lier inventive work. 

The second factor mentioned in connection with 
scientific advances is one which is frequently over-
looked. Inventive dependence on the availability of 
suitable instrumentalities is simply the obvious need 
for some physical materials or methods whereby an in-
vention may actually be embodied in usable form. In-
ventions, in the effective sense, can usually be made 
only after the necessary factors for their physical crea-
tion are at hand or, by reasonable expectation, are soon" 
to be at the inventor's disposal. 

It would hardly have been possible, for example, to 
have invented the picture tubes of television before elec-
tron-beam excited phosphors were known, nor could 
television camera tubes have been produced before con-
trollable photosensitive surfaces were available. Yet, 
great genius may be displayed in proposing nonrealiza-
ble and abortive invention. Nevertheless, mankind re-
serves its approval for the actual accomplishment. A 
similar comment is appropriate to the effect that in-
vention, which too far precedes the availability of cor-
rect guiding principles, arrangements, or materials, may 
tend dangerously toward "science fiction." 

Considering. both these historical factors, the tran-
sistor is seen to have an honorable lineage, to be a wor-
thy and advanced member of its family, and to have 
been born when electronic, chemical, and metallurgical 
knowledge in this field was ripe. Aside from its excellent 
ancestry, the transistor appears tnshave a bright future. 
Its compactness, light weight, long operating life, low 
power consumption, novel circuitry, and other factors 
suggest future accomplishments of value to mankind. 

At this time, it is of course impossible to predict what 
further devices and principles will be evolved from the 
transistor at the next turn of the wheel of scientific and 
technical history, nor yet what new discoveries and in-
strumentalities will be needed to open the doors to such 
later evolution. One can be confident only that there are 
many remaining treasures in nature's storehouses await-
ing the enterprise of newer pioneers of a later day. 

—The Editor. 



952  PROCEEDINGS OF THE I.R.E. 1285 

Transistors in Our Civilian Economy 
J. W. McRAE 

At relatively long intervals there appear on the technical and industrial horizons devices 
of such broad scope and major significance that they profoundly affect the fields of their use. 
One of these epochal developments is the transistor, which bids fair to take its place beside 
the electron tube as one of the foundation stones of future communications and electronics. 
It is accordingly timely and suitable that certain of the probable future industrial uses 

and effects of the transistor should be here analyzed in a guest editorial by an engineer 
especially qualified for this task, and who is a Fellow and Director of the Institute, and a 
Vice President of Bell Telephone Laboratories.—The Editor. 

1
-  'I' IS NOW a little more than four years since 
transistors were first announced. The youngest 
members of the new family, junction transistors, 

are not yet two years old. What can be said, at this 
early stage in their history, about what transistors will 
mean to our civilian economy and to IRE members? 
Vacuum tubes had been in existence about eight 

years when they had their first dramatic successes as 
amplifiers and oscillators. Thirty-seven years ago, in 
1915, they made possible the first very long distance 
transmission of speech, by wire line across this con-
tinent and by radio across the Atlantic. No one could 
then have predicted the present situation. It would have 
been impossible to conceive of a production of close to 
half a billion vacuum tubes a year or an IRE member-
ship exceeding thirty thousand. 
The fact is that vacuum tubes not only performed 

their original functions as detectors of radio waves; 
they made possible entirely new techniques for use in 
transmitting information. The scope of existing com-
munications services was greatly expanded and whole 
new industries were brought into existence. 
More recently, vacuum tubes have been applied, not 

only to transmit information, but also to manipulate it 
and put it directly to use. Electronic computers now 
work out intricate problems in the laboratory and solve 
the equations necessary to aim and fire anti-aircraft 

. guns. Through servomechanisms, they aim the guns 
and control other operations involving considerable 
power with finesse and precision. All of this is unified 
with the field of information transmission through the 
use of similar devices and techniques as well as by a 
common set of theoretical principles. 
Are transistors to be merely competitors for these 

jobs now being done by vacuum tubes? Or can they, 
in their turn, further extend the field of electronics? It 
is most important to examine this second question. 
There will undoubtedly be many cases in which tran-

sistors will be able, by replacing vacuum tubes, to re-
duce the cost and increase the convenience or effective-
ness of existing services. But the benefits will be greater 
if transistors can penetrate into portions of our present 
services where vacuum tubes are not yet widely used. 
It will be still better if some new area of electronics 
can so capitalize on transistors as to be able to expand 
significantly. 
Two examples will serve to illustrate the fact that 

both possibilities have substance. The first is our local 
telephone system in which there are essentially no 
vacuum tubes. The only widely used amplification be-
tween the subscriber and the central office is provided 
by the carbon microphone or telephone transmitter. It 
supplies the necessary gain, is inexpensive and reliable, 
and conveniently requires only a small direct current to 
supply its power. Because of its reliability it can be 
located at many scattered points without incurring ex-
cessive maintenance costs. In the great majority of 
cases, its power requirements can be satisfied by trans-
mission of power from the central office, so there is no 
necessity for relatively expensive local sources of de-
pendable power. 
Power requirements should be considered in terms of 

the power levels of the signals to be handled. A good 
many situations in communications require that the 
signals be brought to high power levels. But in this 
particular situation one microwatt of signal power pro-
duces readily audible sound in a telephone receiver. 
This is thousands of times smaller than the power re-
quired just to heat the cathode in one of the smallest 
commercial vacuum tubes. It is a million times smaller 
than the cathode heater power in most of the vacuum 
tubes designed for suitable performance, long life, and 
reliability in telephone service. These vacuum tubes 
also require comparable amounts of plate power, usu-
ally at voltages and currents difficult to supply over 
local telephone lines. 
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The transistor promises to combine long life and re-
liability with the ability to amplify very small signals 
at high efficiency. It should prove possible to supply the 
small amount of necessary power over the line. Tran-
sistors may be able therefore to extend electronics into 
this area; which the vacuum tube has been unable to do. 
Undoubtedly there are other similar situations where 

the need is for the transmission of information; but con-
sider now the second illustration, computers and other 
automata which manipulate information. Vacuum tubes 
made possible electronic analogue computers and in 
such computers have met with little competition from 
other devices. On the other hand, they have met stiff 
competition from electromechanical devices such as 
relays, in digital computers, and in other automatic 
machines or systems which work by digital methods. 
Automatic business machines and telephone switching 
systems are examples. With few exceptions, vacuum 
tubes have been used only when their great speed over-
came their disadvantages in cost and reliability. 
These applications generally involve the use of large 

numbers of individual devices such as relays, switches, 
or vacuum tubes. Questions of the reliability and the 
power consumption of each individual device therefore 
loom large. Here again the operations to be performed 
can for the most part be done at very low power levels. 
The power required to operate relays or heat the 
cathodes of vacuum tubes is many times larger than the 
needed power of signals to be handled in each device. 
Transistors and their ancestors, germanium diodes, 

appear to make a natural team for such applications. 

They ought to make it possible to close somewhat the 
great gap that now exists between our best electronic 
"brains" and the human brain, in regard to size and 
power consumption. At the same time, they promise 
better reliability and speed comparable to vacuum 
tubes. The future may well see a considerable expansion 
in the industrial use of complex automata. Perhaps it is 
significant that the first commercial use of transistors 
is expected to be in a part of the "brain" of the new 
telephone national toll dialing system. 
These two illustrations demonstrate the possibilities 

for extensions in electronics as the result of the advent 
of transistors. However, it must not be assumed that 
the engineering job ahead will be easy. Transistors are 
not vacuum tubes, and many of our present circuit de-
sign practices, developed with vacuum tubes in mind, 

will not be applicable to transistors. It will often be 
necessary to analyze these new circuit problems in terms 
of those fundamental principles which have more general 
application. 

Those directly concerned with the design and manu-
facture of transistors will get little assistance from the 
lore of vacuum tubes. They will have to turn to the 
fundamental physics of conduction in semiconductors. 
While this may be unfamiliar territory, they will find' 
it well charted. Indeed, our present physical understand-
ing of semiconductor devices is remarkably mature, very 
much better than our corresponding understanding of 
vacuum tubes in 1915. This gives us a good basis for 
confidence in future progress and it should help us to 
accelerate that progress. 
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Transistors and the Military 
I. R. OBENCHAIN, JR. AND W. J. GALLOWAY 

Many useful applications of the transistor will obviously be found in science and engineering, as well as in certain 
specialized fields. The anticipated technical applications will mainly be of industrial and military nature. 
It is accordingly both appropriate and helpful to present here a guest editorial dealing with the military uses of 

transistors and prepared by experts in that field. 
At the time of the preparation of this editorial Lieutenant Colonel I. R. Obenchain, Jr., Signal Corps, was As-

sistant to the Commanding Officer for Research, Signal Corps Engineering Laboratories; and First Lieutenant W. J. 
Galloway, Signal Corps, was a member of the staff in the Office of the Director of Research, Signal Corps Engineering 
Laboratories. The authors are respectively a Senior Member and an Associate Member of the Institute.—The Editor. 

T
HE TRANSISTOR, and the unquestionable im-
pact it may exert on electronic design as we know 
it today, have rapidly become major centers of in-

terest. This impact will be important from two points of 
view: engineering and economics. 
• Having at least some bearing on both are questions of 
transistor application in large-scale national rearma-
ment. For example: Exactly what are the military serv-
ices doing about transistors? Can the Army use them for 
a wrist-watch radio? Can transistors substantially re-
duce the weight of electronic equipment in the Air 
Force's bombers? Will the Navy equip torpedoes with 
"transistorized" electronic brains? 
Answers to the last questions necessarily stem from 

the results of service transistor programs, but the first 
is readily answered since military interest in this field • 

has been close and continuous since 1948. Due to the 
difficulty of quantity production of transistors with uni-
form characteristics, immediate application to military 
equipments was impractical up to the spring of 1951. 
Evolution of the junction transistor in 1951, plus quan-
tity production ability with uniform characteristics for 
both these new type low-noise units as well as the older 
point contact types, changed the previous somewhat re-
stricted approach of the military services to an active 
and expanding program. This uniformity of perform-
ance is of course a necessity for military use, and conse-

• quently, the services are interested only in transis-
t tors that can be built to meet prescribed specifications. 

Thereupon, the military services embarked upon sub-
! stantial transistor programs in the summer and fall of 
1951, which emphasized continued solid-state research, 
specific research to improve transistors, circuitry re-
search for application of transistors, and the preparation 
of facilities for transistor production. The eventual im-
pact of transistors on military electronic equipments 
was considered sufficient to form within the Defense 
Department's Research and Development Board an Ad 
Hoc Group on Transistors. This Ad Hoc Group was es-

tablished under the Committee on Electronics as a 
high-level group to set broad policies for the co-ordina-
tion of transistor programs within the three services. 
Shortly afterwards a Subpanel on Semiconductor De-
vices was formed under the RDB's Panel on Electron 
Tubes. This latter group performs the normal subpanel 
functions of co-ordinating service projects and then 
passing them on to the Ad Hoc Group for final approval. 
On eventual dissolution of the Ad Hoc Group the Semi-
conductor Subpinel will take its normal position with 
respect to the Panel on Electron Tubes such as is now 
held by the other subpanels of that group—RF tubes, 
receiving tubes, and so on. 
To speed active interest for continued research and 

development work on transistors and related devices 
(for instance, barrier rectifiers, and the like) including 
investigations of the use of materials other than ger-
manium, the military services are presently supporting 
substantial contractual programs. Most of the contracts 
are joint service (equal support from the Army, Navy, 
and Air Force) in nature, with the services alternating 
as administrators for each new contract. The military 
are also aware of and intensely interested in the large 
amount of work being applied to this problem by indus-
try without government support. A modest program in 
this general field is maintained on an internal basis 
within the various military research and development 
laboratories. It is hoped that this broad approach, es-
pecially the nongovernment supported work of private 
industry and educational institutions and the effort un-
der special research and development contracts sup-
ported by military funds, will soon provide transistors 
with higher power ratings, higher frequency response, 
lower noise, and the ability to operate satisfactorily 
over wide ranges of temperature. 
"Battle is the Payoff" is a slogan within the military. 

This thought is applied to the service transistor pro-
grams in determining where and how these new units 
may be used to the maximum advantage in military 
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The transistor promises to combine long life and re-
liability with the ability to amplify very small signals 
at high efficiency. It should prove possible to supply the 
small amount of necessary power over the line. Tran-
sistors may be able therefore to extend electronics into 
this area; which the vacuum tube has been unable to do. 
Undoubtedly there are other similar situations where 

the need is for the transmission of information; but con-
sider now the second illustration, computers and other 
automata which manipulate information. Vacuum tubes 
made possible electronic analogue computers and in 
such computers have met with little competition from 
other devices. On the other hand, they have met stiff 
competition from electromechanical devices such as 
relays, in digital .computers, and in other automatic 
machines or systems which work by digital methods. 
Automatic business machines and telephone switching 
systems are examples. With few exceptions, vacuum 
tubes have been used only when their great speed over-
came their disadvantages in cost and reliability. 
These applications generally involve the use of large 

numbers of individual devices such as relays, switches, 
or vacuum tubes. Questions of the reliability and the 
power consumption of each individual device therefore 
loom large. Here again the operations to be performed 
can for the most part be done at very low power levels. 
The power required to operate relays or heat the 
cathodes of vacuum tubes is many times larger than the 
needed power of signals to be handled in each device. 
Transistors and their ancestors, germanium diodes, 

appear to make a natural team for such applications. 

They ought to make it possible to close somewhat the 
great gap that now exists between our best electronic 
"brains" and the human brain, in regard to size and. 
power consumption. At the same time, they promise 
better reliability and speed comparable to vacuum 
tubes. The future may well see a considerable expansion 
in the industrial use of complex automata. Perhaps it is 
significant that the first commercial use of transistors 
is expected to be in a part of the "brain" of the new 
telephone national toll dialing system. 
These two illustrations demonstrate the possibilities 

for extensions in electronics as the result of the advent 
of transistors. However, it must not be assumed that 
the engineering job ahead will be easy. Transistors are 
not vacuum tubes, and many of our present circuit de-
sign practices, developed with vacuum tubes in mind, 
will not be applicable to transistors. It will often be 
necessary to analyze these new circuit problems in terms 
of those fundamental principles which have more general 
application. 

Those directly concerned with the design and manu-
facture of transistors will get little assistance from the 
lore of vacuum tubes. They will have to turn to the 
fundamental physics of conduction in semiconductors. 
While this may be unfamiliar territory, they will find 
it well charted. Indeed, our present physical understand-
ing of semiconductor devices is remarkably mature, very 
much better than our corresponding understanding of 
vacuum tubes in 1915. This gives us a good basis for 
confidence in future progress and it should help us to 
accelerate that progress. 
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Transistors and the Military 
I. R. OBENCHAIN, JR. AND W. J. GALLOWAY 

Many useful applications of the transistor will obviously be found in science and engineering, as well as in certain 
specialized fields. The anticipated technical applications will mainly be of industrial and military nature. 
It is accordingly both appropriate and helpful to present here a guest editorial dealing with the military uses of 

transistors and prepared by experts in that field. 
At the time of the preparation of this editorial Lieutenant Colonel I. R. Obenchain, Jr., Signal Corps, was As-

sistant to the Commanding Officer for Research, Signal Corps Engineering Laboratories; and First Lieutenant W. J. 
Galloway, Signal Corps, was a member of the staff in the Office of the Director of Research, Signal Corps Engineering 
Laboratories. The authors are respectively a Senior Member and an Associate Member of the Institute.—The Editor. 

T
HE TRANSISTOR, and the unquestionable im-
pact it may exert on electronic design as we know 

  it today, have rapidly become major centers of in-
terest. This impact will be important from two points of 
view: engineering and economics. 
Having at least some bearing on both are questions of 

transistor application in large-scale national rearma-
ment. For example: Exactly what are the military serv-
ices doing about transistors? Can the Army use them for 
a wrist-watch radio? Can transistors substantially re-
duce the weight of electronic equipment in the Air 
Force's bombers? Will the Navy equip torpedoes with 
"transistorized" electronic brains? 
Answers to the last questions necessarily stem from 

the results of service transistor programs, but the first 
is readily answered since military interest in this field 
has been close and continuous since 1948. Due to the 
difficulty of quantity production of transistors with uni-
form characteristics, immediate application to military 
equipments was impractical up to the spring of 1951. 
Evolution of the junction transistor in 1951, plus quan-
tity production ability with uniform characteristics for 
both these new type low-noise units as well as the older 
point contact types, changed the previous somewhat re-
stricted approach of the military services to an active 
and expanding program. This uniformity of perform-
ance is of course a necessity for military use, and conse-
quently, the services are interested only in transis-
ttors that can be built to meet prescribed specifications. 
F Thereupon, the military services embarked upon sub-
stantial transistor programs in the summer and fall of 
1951, which emphasized continued solid-state research, 
specific research to improve transistors, circuitry re-
search for application of transistors, and the preparation 
of facilities for transistor production. The eventual im-
pact of transistors on military electronic equipments 
was considered sufficient to form within the Defense 
Department's Research and Development Board an Ad 
Hoc Group on Transistors. This Ad Hoc Group was es-

tablished under the Committee on Electronics as a 
high-level group to set broad policies for the co-ordina-
tion of transistor programs within the three services. 
Shortly afterwards a Subpanel on Semiconductor De-
vices was formed under the RDB's Panel on Electron 
Tubes. This latter group performs the normal subpanel 
functions of co-ordinating service projects and then 
passing them onto the Ad Hoc Group for final approval. 
On eventual dissolution of the Ad Hoc Group the Semi-
conductor Subpanel will take its normal position with 
respect to the Panel on Electron Tubes such as is now 
held by the other subpanels of that group—RF tubes, 

receiving tubes, and so on. 
To speed active interest for continued research and 

development work on transistors and related devices 
(for instance, barrier rectifiers, and the like) including 
investigations of the use of materials other than ger-
manium, the military services are presently supporting 
substantial contractual programs. Most of the contracts 
are joint service (equal support from the Army, Navy, 
and Air Force) in nature, with the services alternating 
as administrators for each new contract. The military 
are also aware of and intensely interested in the large 
amount of work being applied to this problem by indus-
try without government support. A modest program in 
this general field is maintained on an internal basis 
within the various military research and development 
laboratories. It is hoped that this broad approach, es-
pecially the nongovernment supported work of private 
industry and educational institutions and the effort un-
der special research and development contracts sup-
ported by military funds, will soon provide transistors 
with higher power ratings, higher frequency response, 
lower noise, and the ability to operate satisfactorily 
over wide ranges of temperature. 
"Battle is the Payoff" is a slogan within the military. 

This thought is applied to the service transistor pro-
grams in determining where and how these new units 
may be used to the maximum advantage in military 
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equipments. The favorable characteristics of transistors, 
namely, no requirement for heater operation, high ef-
ficiency, resistance to shock, long life, and small size 
have already been widely publicized but are here re-em-
phasized as exceptionally desirable characteristics for 
active elements to be included in military equipments. 
The possible savings from a power standpoint alone are 
impressive when one remembers the considerable quan-
tity of batteries required for hand-carried equipments 
during World War II—for example, the thirty-day 
supply of batteries for a certain type of amphibious 
communications company totaled forty-three tons. In 
general, the military services' transistor applications 
programs are aimed at improving existing types of 
equipments, making them lighter or more reliable, or 
providing new types of equipments which with vacuum 
tubes had not been considered feasible for military use. 
An example of the latter type of development would be 
small compact "transistorized" computers in which the 
use of several hundred vacuum tubes would have been 
impractical from a size and power consumption view-
point. These programs are being conducted on a con-
tractual as well as on an internal basis within govern-
ment laboratories and will be greatly expanded during 
fiscal year 1953, as more transistors become available 
for the services to furnish to contractors working on 
application studies. Availability of transistors, however, 
is not the only problem ; applications experience has con-
firmed the difficulties that circuitry engineers were ex-
pected to encounter in utilizing these new devices. There 
is a whole field of engineering circuitry data that is yet 
to be obtained for each of the general transistor types, 
and apparently the greatest results in the treatment of 
this problem can be obtained by the well-known meth-
ods of network analysis. Another typical problem asso-
ciated with the application side of the program is how 
to make a small, economical battery source of constant 
current and long life. The large variation with tempera-
ture of the present type transistors' equivalent circuit 
parameters is also of particular difficulty, since so many 
military equipments require operation over extended 
temperature ranges. 
Associated with the circuitry application programs, 

emphasis is being placed on the development of circuit 
packages wherein complete circuit functions are "pot-
ted" into plug-in units. Such items as oscillators, count-
ing circuits, IF amplifiers, and so on, fall in this cate-
gory. Investigations are also being conducted towards 
developing smaller passive components which will take 
advantage of the lower voltages utilized in transistor 
circuits to provide a minimum size component. 

In more normal times the military services would em-
bark on only a modest program of "transistorization" 
leaving the broad general problem of the maximum 
utilization of these devices to the ingenuity of our indus-
try and research institutions. Now, however, in this pe-
riod of international tension the services consider the 
possible benefits of transistors to military equipments as 
sufficient to warrant substantial programs in this field and 
to include concurrently not only research and develop-
ment on the transistor itself and its application to equip-
ments, but the planning and preparation of facilities for 
producing large quantities of these devices. The respon-
sibility within the Department of Defense for planning 
these transistor production facilities has been delegated 
to the Army Signal Corps, with top policy guidance 
from the RUB Ad Hoc Group on Transistors. This pro-
gram includes contracting for the establishment of 
factories, industrial mobilization study contracts, con-

sideration of raw material availability, and the place-
ment of supply orders. The concurrent establishment 
of production facilities and enlarged device research and 
development programs as well as increasing effort on 
applications faces one with the very real problem of.. 
what transistor types to prepare for in quantity. 
The military are in fact now faced with the problem 

of preparing a tilling feast without the unnecessary ex-
pense of a smorgasbord for very fussy guests while 
having only the slightest indication of their preference. 
Fortunately, there is reason to believe that transistor 

factories can vary types of transistors produced without 
prohibitively costly modifications to capital equipment: 
however, there is still no solution to the use of stockpiles 
which could suddenly become outdated by the over-
night discovery of a radical improvement. 
It is hoped this provides at least some insight to the 

military's rather substantial interest in transistors. In 
present form, transistors will undoubtedly rather 
quickly fill a number of military requirements and will 
also provide devices for training of personnel engaged in 
circuitry studies. As they improve it is certain that 
additional applications will follow with increasing 
rapidity. With transistor pilot-production lines now 
starting to roll, the immediate need is to develop a new 
circuitry "know-how" which for electron tubes, took 
over a quarter century in its evolution toward current 
engineering practices. The military services will do 
everything within their means to compress the new 
circuitry and application studies into the smallest time 
interval possible, and in so doing will look largely to 
the ingenuity of the IRE membership for the assistance 
to realize the maximum iltilization of new device. 
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Transistor Electronics: Imperfections, 
Unipolar and Analog Transistors* 

W. SHOCKLEYt 

Summary—The electronic mechanisms that are of chief interest 
in transistor electronics are discussed from the point of view of solid-
state physics. The important concepts of holes, electrons, donors, 
acceptors, and deathnium (recombination center for holes and elec-
trons) are treated from a unified viewpoint as imperfections in a 
nearly perfect crystal. The behavior of an excess electron as a nega-
tive particle moving with random thermal motion and drifting in 
an electric field is described in detail. A hole is similar to an electron 
in all regards save sign of charge. Some fundamental experiments 
have been performed with transistor techniques and exhibit clearly 
the behavior of holes and electrons. The interactions of holes, elec-
trons, donors, acceptors, and deathnium give rise to the properties 
of p-n junctions, p-n junction transistors, and Zener diodes. Point-
contact transistors are not understood as well from a fundamental 

viewpoint. A new class of unipolar transistors is discussed. Of these, 
the analog transistor is described in terms of analogy to a vacuum 

tube. 

1. PERFECTION AND IMPERFECTIONS IN CRYSTALS 

1 RANSISTOR ELECTRONICS exists because of 

I   the controlled presence of imperfections in other-
wise nearly perfect crystals.' Many of the special 

words of the subject are the names of imperfections; 
hole, excess electron, and donor are examples. 
In this article we shall describe these imperfections 

from the point of view of theory; again from the point 
of view of theory we shall show how the interplay of im-
perfections permits useful electronic devices to exist. We 
shall also indicate how the new experiments of transistor 
physics display the attributes of the imperfections and 
lead to measurements of their quantitative attributes. 
Before discussing imperfections in a germanium crys-

tal we must discuss perfection. Perfection is represented 
by an ideal crystal built on the plan of Fig. 1. Each atom 
has four neighbors, all at the same distance from it and 
all at equal distances from each other.' This arrange-
ment satisfies perfectly the chemical affinity of the ger-
manium atom. 
For the purpose of transistor physics the germanium 

atom may be considered to consist of four valence elec-
trons surrounding an inert core having a charge of plus 
four electronic units. The atom as a whole is thus neu-
tral. Silicon and carbon atoms have this same structure 
and their crystals form in the same pattern as Fig. 1. 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 26, 1952. 
t Bell Telephone Laboratories, Inc., Murray Hill, N. J. 
1 The subject of imperfections has recently been reviewed in a 

book, "Imperfections in Nearly Perfect Crystals," Editorial Com-
mittee, W. Shockley, Chairman; J. H. Hollomon, R. Maurer, F. Seitz; 
pub. by John Wiley and Sons, New York, N. Y.; 1952. 

2 The reader with an instinct for spatial visualization may enjoy 
thinking about the problem of surrounding one atom with several 
symmetrically placed neighbors. He will find that four is the largest 
number of neighbors that can surround one atom at equal distances 
and be equidistant from each other. 

Fig. 1—Diamond structure. 

The core of the germanium atom consists of the nu-
cleus, whose charge is plus 32 electron units and 28 
tightly bound electrons. These latter are closely held to 
the nucleus, as represented in Fig. 2, and do not enter 
into chemical reactions or transistor effects. 

Fig. 2—The four valence electrons and positive core of a 
silicon or germanium atom. 

The outer valence electrons are responsible for chemi-
cal binding. One of the principal building blocks of chem-
istry is the electron-pair bond or covalent bond. Such a 
bond may form when two atoms approach each other. 
In order to form the bond a pair of electrons, one from 
each atom, co-ordinate their motions so as to produce 
an accumulation of negative charge between the cores. 
This attracts the cores towards each other. Equilibrium 
is achieved when the attraction is balanced by electro-
static repulsion of the cores for each other. 
The laws of physics which explain the behavior of the 

electron-pair bond are quantum laws and employ wave-
mechanics to describe the motions of the electrons. These 
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laws explain why two electrons, rather than one or 
three, unite in forming the most stable bonds. We shall 
need to refer to this feature of the stability subsequently. 
The germanium crystal gives each atom an ideal op-

portunity to form electron-pair bonds. Each atom is 
surrounded by four symmetrically placed neighbors. It 
forms one covalent bond with each of these. The elec-
trons in each bond are shared equally by the two atoms 
at its ends, one electron coming from each atom. 

Fig. 3 symbolically represents the bond structure of 
the crystal. In it the atoms lie in a plane rather than in 
space, but each atom is correctly surrounded by four 
neighbors. A crystal in which this bond structure is com-
plete and every atom is at rest in its proper place, with 
no atoms or electrons missing or squeezed into wrong 
places, is in the perfect or reference state. 

Fig. 3—Representation of electron-pair bond structure in 
silicon or germanium. 

The perfect state is relatively uninteresting from the 
transistor point of view. A germanium crystal in its per-
fect state would be an insulator. Its dielectric constant, 
however, would have the unusually high value of 16. 
The effect of an electric field in producing polarization 
is represented in Fig. 4. Since the electric field exerts 
forces in one direction upon the cores and in the oppo-
site direction on the bonding electrons, the structure is 
distorted. There is evidently a relative shift to the right 
of positive charge in respect to negative charge. This 
displacement is linear and elastic in the electric field 
and disappears when the field is removed. (Fig. 4 shows 
an exaggerated case corresponding to a field of about 107 
volts/cm, much more than can be applied without break-
down effects.) 

On the basis of perfection as represented by Figs. 1 
and 3, the imperfections of importance in transistor elec-
tronics can now be described. In Table I these imperfec-
tions are listed under three classifications. 
As is implied by their names, the energetic imperfec-

tions involve specialized concepts from quantum theory. 

TABLE I 

CLASSES OF IMPERFECTIONS 

Energetic—photons (light), phonons (heat) 
Electronic—(excess) electrons, holes 
Atomic—disordered atoms (vacancies and interstitial atoms) 

chemical impurities (donors and acceptors) 
"deatImium" 
"traps" 

The photon is the name for a quantum of light energy. 
This energy comes in packets of size 

energy = hp,  (1) 

where h is Planck's constant and v is the frequency of the 
light. When light is absorbed, the energy is delivered in 
entire quanta. 

Fig. 4—Distortion produced by an electric field resulting in 
dielectric polarization. 

Less generally familiar is the fact that mechanical vi-
brations of solids are also quantized. A beam of sound 
waves transmitted through a solid is composed of pho-
nons just as a light beam is of photons. Just as a cavity 
is full of black body radiation under thermal equilibrium, 
so is a crystal full of a thermal equilibrium distribution 
of phonons. The phonons thus represent thermal vibra-
tions and account for the specific heat of the solid. We 
shall be concerned with the phonons because of the way 
in which they interfere with electronic motion in the 
crystal. This is discussed more fully in the next stction. 
The other classes of imperfections involve particles. 

In the electronic class there are two possibilities, corre-
sponding to adding and subtracting an electron. These 
are discussed in Section 2. 
In the atomic class, it is also possible to add and sub-

tract atoms of germanium from a germanium crystal. 
There are also other ways of disordering the crystal with-
out introducing atoms of different kinds. We shall not 
deal with these here. The foreign atoms of chief interest 
are donors and acceptors, which come from columns of 
the periodic table adjacent to the germanium column. 

•• 
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Two classes of imperfection are shown described by their 
properties rather than by their nature. It is known that 
both the action of deathnium and that of traps can be 
'accomplished by disorder. The same effects may be ac-
complished by impurities. These atomic imperfections 
are discussed in Section 3. 
One important class of imperfection that has been 

omitted from Table I is the grain boundary. A grain 
boundary occurs when two crystals, each having a struc-
ture like Fig. 1, are tilted in respect to each other so that 
their axes are not parallel. Where these two crystal 
grains join, there is a region of atomic misfit called a 
"grain boundary." Grain boundaries have pronounced 
electrical effects in germanium, and are known in met-
allurgy to be loci for the precipitation of impurities.' 
Grain boundaries are not considered in this article be-

cause they can be eliminated. As a result of stimulation 
from the desires of the transistor development group for 
highly uniform bulk material Teal and Little undertook 
a program of growing large single crystals of germa-
nium.' These single crystals, weighing up to several hun-
dred grams, have the same orientation throughout and 
. no grain boundaries. For the last few years, practically 
all advances at Bell Telephone Laboratories in transis-
tor electronics and transistor physics have been based 
on the availability of single-crystal material. 
The importance of artificially grown single crystals in 

transistor work is not unique. The same situation holds 
true in all branches of solid-state physics; magnetism, 
plasticity of metals, piezoelectricity, and the study of 
order-disorder transformations in alloys are examples. 
In these cases, the availability of artificial single crystals 
has had a very marked stimulus upon the development 
of the science and the technology. 
In this article emphasis is placed chiefly upon germa-

nium with silicon also receiving some attention. This is 
appropriate in view of the current status of develop-
ment. It should be mentioned, however, that these ele-
ments are not unique. Transistors have also been made 
using lead sulfide (galena)6 and lead selenide." 

2. THE BEHAVIOR OF HOLES AND ELECTRONS 

A. Introduction 

In this section we shall be concerned chiefly with the 
behavior of electronic imperfections. These imperfec-
tions play the essential role of current carriers in tran-

3 G. L. Pearson, "Electrical properties of crystal grain boundaries 
i in germanium," Phys. Rev., vol. 76, p. 459; 1949. 

N. H. Odell and H. Y. Fan, "Impedance characteristics of grain 
I boundaries in high resistivity n-type germanium," and W. E. Taylor 
and H. Y. Fan, "D.C. Characteristics of high resistance barriers 

t at crystal boundaries in germanium," Phys. Rev., vol. 78, p. 354; 
1950. See, also, footnote reference 1 for a review of the theory of 
grain boundaries. 
* G. K. Teal and J. B. Little, "Growth of germanium single 

crystals," Phys. Rev., vol. 78, p. 647; 1950. 
G. K. Teal, M. Sparks, and E. Buehler, PROC. I.R.E., vol. 40, 

' pp. 906-909; August, 1952. 
H. A. Gebbie, P. C. Banbury, and C. A. Hogarth, "Crystal 

diode and triode action in lead sulphide," Proc. Phys. Soc. (London), 
vol. B63, p. 371; 1950. 

A. F. Gibson, "Absorption spectra of single crystals of lead 
sulphide, selenide and telluride," Proc. Phys. Soc. (London), vol. 
65'1, pp. 378; 1952. 
P. C. Banbury, "Double surface lead sulphide transistor," p. 

2 i6. 

sistor electronics. A large part of this section is devoted 
to the interactions between electronic imperfections and 
the energetic imperfections mentioned in Section 1. It 
turns out to be convenient to include, at the same time, 
a discussion of deathnium, although it is not an elec-
tronic imperfection. 
As most readers of this article probably know, the 

two important electronic imperfections are the excess 
electron and the hole. These are produced by adding and 
subtracting, respectively, one electron from the perfect 
situation. The behavior of the excess electron, or simply 
electron for short, can be understood relatively simply 
from an intuitive approach. This is not true for the hole. 
In fact, intuition leads to quite erroneous conclusions 
regarding the hole. In this section, the electron is, there-
fore, discussed first. Once the behavior of the electron 
has been described, that of the hole can be readily ex-
plained, even though the reasons for the behavior can-
not. It is the author's opinion, based on several years' 
experience with these expositional problems, that the 
theoretical basis for the behavior of the hole cannot be 
simplified and presented on an intuitional level. Fortu-
nately, the behavior itself is relatively simple and can be 
verified by direct experiment. The engineer who wishes 
to think in terms of holes may thus have confidence in 
the concepts as experimentally established engineering 

factors. 

B. The Behavior of an Electron' 

The simplest electronic imperfection is produced by 
adding one extra electron to the otherwise perfect crys-
tal. From the electrical point of view this .extra electron 
represents one negative unit of charge. The electric field 
set up by this charge is, of course, screened by the di-
electric constant of the germanium, which has a value of 
16. Thus the force which the electron will exert upon 
another charge is reduced by the effect of the medium 
upon its electric field. If we suppose that the energetic 
disturbances in the crystal are present in negligible pro-
portions, then the behavior of the added electron is very 
simple. If it is added to the crystal with zero kinetic en-
ergy, it will stay substantially in the same place indefi-
nitely. It is not bound to one place, however, as is an 
electron in a valence bond. The high stability of an elec-
tron-pair bond is restricted to two electrons. A third 
electron cannot fit into this structure and, consequently, 
the excess electron is free to move. If an electric field is 
applied, the excess electron will be accelerated by the 
resulting force. The acceleration is affected by the fluc-
tuating electric fields due to the positively charged 
atomic cores and the negative valence bonds. For most 
purposes the effect of this potential, which varies peri-
odically in space, can be lumped into one quantity, the 
effective mass of the electron. Under the influence of a 
given force the electron in the crystal will have an ac-
celeration different from that which it would have in free 
space under the influence of the same force. 

7 For a more complete treatment and references, see W. Shockley, 
"Electrons and Holes in Semiconductors," D. Van Nostrand Co, 
Inc., New York, N. Y.; 1950. 
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The result can be interpreted by saying that in the 
crystal the mass of the electron is in effect different from 
what it would be in free space. Experiments indicate 
that the effective mass of an electron in a crystal is about 
as large as the mass in free space and may be less by a 
factor of four in the case of semiconductors of interest to 
transistor electronics.8 

The reader unfamiliar with the background of the 
modern energy-band theory of solids probably finds it 
surprising that the electron can move through the strong 
fluctuating electric fields in a crystal as though it were 
in free space. The reason that it can do this is that the 
motion of the electron is governed by wave mechanical 
laws. It is a property of wave propagation that waves 
can proceed unattenuated through lossless structures 
which have perfect periodicity. Examples of iterated 
electrical filters and loaded lines will remind the reader 
of this fact. A more striking example from electromag-
netic theory is that of the artificially loaded dielectric 
which is used in lens systems for microwave antennas.8 
For the case of electrons in crystals, similar mathemati-
cal developments apply. It is found that the electron 
wave can cause the electron to propagate indefinitely 
through the crystal provided that the electrical poten-
tial in which it moves is perfectly periodic, as it will be 
if the crystal is in the perfect reference condition. 
If energetic imperfections in the form of phonons are 

present, the perfect periodicity of a lattice will be de-
stro7,•ed. As a result, the electron once set in motion will 
not move indefinitely in one direction but will instead 
be scattered so that after a time its motion is changed 
to some other direction. The laws of scattering of elec-
tron waves by interference with phonons can be de-
rived on the basis of quantum-mechanical theory. When 
the derivation is carried out, it is found that the effect 
of the phonons can be very accurately simulated by in-
troducing a set of phantom particles.'° These phantom 
particles are to be thought of as uncharged hard, spheri-
cal, ideally elastic masses. Phonons in a germanium 
crystal at room temperature correspond to phantom 
masses about 170 times that of the electron mass. Con-
sequently, in any collision the electron does not lose 
much energy but bounces nearly elastically from the 
phantom particle. The choice of a spherical shape is 
dictated by the fact that scattering by phonons is iso-
tropic, that is, after being scattered an electron is 
equally likely to proceed in any direction. The scattering 
of a light spherical mass by a much heavier spherical 
mass also has this isotropic property. The phantom 
particles should be thought of as moving with random 
thermal energies. The number of them and their cross 
sections are such that as an electron moves through the 
crystal it will, on the average, move for a distance of 

8 E. M. Conwell, "Properties of silicon and germanium," PROC. 
1.R.E., vol. 40, pp. 1327-1337; this issue. 

9 W. E. Kock, "Metallic delay lenses," Bell Sys. Tech. Jour., 
vol. 27, pp. 58-82; 1948. 
XV. E. Kock and F. K. Harvey, "Refracting sound waves," 

Jour. Acous. Soc. Amer., vol. 21, pp. 471-481; 1949. 
" W. Shockley, "Hot electrons in Germanium and Ohm's law," 

Bell Sys. Tech. Jour., vol. 30, p. 990; 1951. 

about 10-8 ems between collisions with the phantom 
particles. 'We shall refer to this mean free path as 1; we 
thus have 

1 = 10  cm. (2) 

This distance is approximately 1,000 times the inter-
atomic distance between germanium atoms in the crys-
tal. 
If the electron is placed at rest in a germanium crystal 

at room temperature, then it will be jostled by the 
phantom particles which represent the phonons. As a 
result of this jostling, the electron will acquire thermal 
energy. A general theorem from statistical mechanics 
applies to this situation. This theorem, known as the 
principle of equipartition of energy, states that the 
average kinetic energy of a free particle at temperature 
T is given by the formula 

thermal kinetic energy = (3/2)kT, (3) 

where T is the absolute temperature in degrees K and k 
is Boltzmann's constant. Since the electron has only 
about 1/170 the effective mass of a phantom particle, 
its speed will be 13 times greater. If we take the elec--• 
tron's mass as equal to the mass of a free electron and 
define a thermal velocity by the equation 

tizvr2/2 = k7', (4a) 

then we find that at room temperature the thermal ve-
locity of an electron is 

yr 4. 107 cm/sec. (4b) 

In terms of the mean free path 1 and the thermal veloc-
ity vi', we can define a mean free time r; 

T = 1/VI' "=. 10 -12  sec. 

This is the average time (luring which an electron moves 
between collisions. 

One of the convenient units of energy to use for de-
scribing electrons is the electron volt. This is the energy 
which an electron would acquire in falling through a po-
tential difference of one volt. At room temperature T is 
about 300° on the Kelvin scale and 

kT = 0.026 electron volts. (5) 

We shall see below that the voltage which gives an elec-
tron thermal energy plays a critical role in the nonlinear 
behavior of p-n junctions and p-n junction transistors. 
The model of electron collisions with phantom parti-

cles represents quite accurately the behavior of an elec-
tron interacting with the phonons. In particular it cor-
rectly represents the ability of electrons to interchange 
energy with the phonons. This interchange of energy is 
a very important process which occurs whenever an 
electrical field is applied to a semiconductor. Under 
these conditions electrons acquire energy from the elec-
tric field which does work upon them. In order for this 
energy to be converted to heat in the crystal it is neces-
sary for it to be transferred to the thermal vibrations or 
phonons. From our model of the phantom particles it is 
evident that if the electrons acquire a greater velocity 



1952 
Shockley: Transistor Electronics: Imperfections, Unipolar and Analog Transistors 

1293 

than their normal thermal velocity, then upon collisions 
with the phantom particles they will lose their excess 
energy. A mathematical analysis of this process can be 
carried out in order to find out at what critical field 
Ohm's Law will fail. We shall return to this point briefly 
after discussing the mobility of the electrons below. 
Diffusion: The behavior of an electron in the absence 

of an electric field is represented crudely in Fig. 5. Its 
path consists of a number of short straight line segments. 
On the average, each one of the segments has a length of 
/. At the end of each segment the electron has a collision 

Fig. 5—The random diffusive motion of an excess electron. 

with a phantom particle and starts off with approxi-
mately the same thernial velocity but in a completely 
random direction. As a result, it diffuses about in the 
crystal. The process of diffusion is a basic one in tran-
sistor electronics and deserves special discussion at this 
point. It is difficult, however, to explain the process of 
diffusion in terms of the motion of an individual elec-
tron. For this reason we shall consider a large number of 
electrons so that we can deal with their average statisti-
cal behavior. If a large number of electrons were 
actually present in a crystal which contained no other 
electronic or chemical imperfections, then they would 

strongly influence each other by their electrostatic re-
pulsion. There are certain experimental conditions, 
which we shall discuss in Section 4, in which the effect 
of this electrostatic repulsion is suppressed by other 
factors. It would greatly prolong the argument to con-
sider these other factors here. In order to proceed with 
the discussion of diffusion, therefore, we shall simply as-
sume for the moment that the electrostatic interaction 
between the electrons is so small that we can neglect it 

in comparison with the diffusive motion. 

(a) 

microscopic quantities / and vr. The first example is 
represented in Fig. 6. We imagine that a group of N 
electrons are all contained inside a very small sphere at 
t= O. Then at later times, the random diffusive motion 
causes them to spread out. Their distribution in space 
at time t is then given by the formula, which we intro-

duce just for this example, 

n(r, t) = N(irD1)-312  exp (—r2/4D/), (6) 

where r is the distance from the initial position of the 
electrons and n(r, t) is the number of electrons per cma 
at r at time I. The most important term is the exponen-
tial. It shows that at any instant of time the density of 
the electrons is a three-dimensional error function. The 
density is a maximum at the origin, and decreases by a 
factor of exp( —1) = 0.37 at r =2(Dt)"2 and by a factor 
of exp( —4) = 0.019 at twice that distance. In effect, the 
electrons are contained in a sphere of radius slightly 
larger than 2(Dt)'12. One way of describing the size of 
the distribution is to consider the average value of r2 for 
the electrons. This is found to be 

average of r2 = 6Dt.  (7) 

The second example is shown in Fig. 7. In this case 
the electron density is independent of the y and z co-
ordinates and increases with increasing x. The rate of 
increase is called the gradient of the electron density 

• (C) 

Fig. 6 —The spreading of a group of electrons by diffusion. 

The quantity which characterizes diffusion is the dif-

fusion constant D. It has the dimensions of cm2/sec. We 
shall illustrate with two examples how diffusion proc-
esses are governed by the diffusion coefficient and shall 
also show how the diffusion coefficient is related to the 

X 

DISTANCE 

(a) 

(b) 

Fig. 7—A distribution of electrons with a density gradient. 

and is the slope of the line in Fig. 7(a). Part (b) suggests 
the nature of the corresponding distribution of electrons 
in space. As these electrons diffuse, they tend to 
smooth out their distribution, with the result that a dif-
fusion current of electrons will flow to the left in the fig-

ure. The skrength of this current is 

electrons per unit area per unit time 

= D times density gradient. (8) 

We shall discuss below the way in which D may be de-
rived from 1 and th• on the basis of the situation repre-
sented in Fig. 7. There is, of course, only one diffusion 
constant, and it can be shown that either of the two 
equations (7) and (8) may be derived from the other. 
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In order to deal with the situation of Fig. 6 from a mi-
croscopic viewpoint we shall imagine that a group of N 
electrons are contained within a small sphere at time 
t =0. As a result of thermal velocities and collisions they 
spread out in a random fashion. In order to illustrate 
how this spreading results in (7) we shall consider what 
happens in one mean-free time. During this time each 
electron travels one mean-free path or, more accurately, 
parts of several mean-free paths. For purposes of this 
exposition, however, no important error will be made 
by assuming that all the electrons start and conclude a 
mean-free path simultaneously. Now consider the group 
of electrons whose radial distance from the origin is r 
when they start a mean-free path. After a time 7, about 
half of these will have moved outward and will be ap-
proximately at radius r+1, and half will have moved in-
ward to r —1. The new average of r2 for these electrons 
will thus be 

new av of r2 = (1/2) [(r  1)2 (r — /)21 

= r2 +  12. 
(9) 

This result is somewhat in error because the outward 
motion is not necessarily radial; when this effect is taken 
into account, it is found that the increase in average of 
r2 for this group of electrons in time r is 

increase in average of r2 is 12/3. 

Since this result is independent of r, it will be obtained 
for all groups of electrons. In a time!, such increases will 
occur t/r times so that 

increase in average r2 in time t = /21/37 = (v7//3)t.  (10) 

Thus we see, on the basis of this very crude analysis, that 
r2 will increase linearly in time and that the coefficient 
is given in terms of the microscopic quantities 1 and VT. 
The spreading of a group of electrons is one mani-

festation of diffusion of interest in transistor elec-
tronics. Another is the diffusion current produced by a 
concentration gradient. For this purpose we suppose 
that the electrons are distributed nonuniformly, as in 
Fig. 7, so that the number per unit volume is n and 

n = no ax. 

The concentration gradient is then 

dn/dx = a. (12) 

Since there are more electrons to the right than to the 
left of the plane at x=0, we would expect a diffusion 
current to flow to the left. The magnitude of this dif-
fusion current may be estimated roughly as follows: In 
one mean-free time, half the electrons in the region from 
x=0 to x= +1 will cross the x=0 plane towards the left 
and half those in the region from x=0 to x= —1 will 
cross it to the right. Now half the number of electrons 
per unit area of the x=0 plane within a distance / to the 
right of x=0 is 

(1/2)/ times (no + al/2)  (13) 

since the average density in this region is the density at 
x= 1/2. A similar treatment for the electrons to the left 

November 

leads to an expression with —al/2 in place of a1/2. From 
this it follows that the net unbalance of flow causes 

(1/2)(no + a1/2) — (1/2)(no — a1/2) = al2/2 (14) 

electrons to cross the plane at x = 0 moving towards the 
left in time T. h ence the electron flow is 

electrons per unit area per unit time 

= u12/2r = (1v, /2)a. (15) 

If correct averaging procedures are employed, it is 
found that the coefficient of a becomes identical with D 
found in connection with the increase in r2. I fence the 
general result is 

particles per unit area per unit time 

= D times density gradient. (16) 

The direction of flow is in the direction of lower concen-
tration. 

Mobility: The effect of an electric field upon a diffus-
ng electron is indicated in Fig. 8. The electric field 

(INTERVALS BETWEEN 
COLLISIONS SHOWN 

EQUAL FOR SIMPLICITY) 

(a) RANDOM MOTION OF AN ELECTRON 
IN A CRYSTAL 

4  4 4 4 4 4 4 4 4 4 4 

(b) COMPONENT OF ELECTRON MOTION 
ADDED BY ELECTRIC FIELD 

yv\4 4----
(C)  COMBINATiL,N OF (a) AND (b) ELECTRON 

MOTION IN AN ELECT.tIC FIELD 

Fig. 8—The effect of an electric field in superimposing 
drift on random motion. 

which is shown as being directed towards the right in the 
figure exerts a force to the left upon the electron because 
of its negative charge. This force accelerates the electron 
with the result that the segments of the electron's path 

between collisions become curved rather than straight 
lines. The end points of the paths are consequently off-
set, as is indicated in part (c) of the figure. The offset 
produced by the electric field in each mean-free path can 
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be calculated from the falling-body formula. This for-
mula is usually written in the form 

S = (1/2)at2.  (17) 

The use of this equation to calculate the effect of the 
electric field makes use of the fact that the effect of an 
acceleration can be superimposed upon an already estab-
lished velocity. (This is the theorem used in answering 
the question, "Where should you aim if the monkey 
drops when he sees the flash?") After a collision, the 
electron starts with a perfectly random velocity which 
will carry it one mean-free path in a time 7. During its 
motion it acquires additional velocity because of the 
force, and the additional motion is given by (17). 
In order to apply (17) to our case we must take the 

acceleration as being equal to the force divided by the 
mass and must use the expression qE for the force where 
q represents the magnitude of the charge on an electron. 
This leads to the substitutions 

a = F /m = qE/m  (18) 

t = 7.  (19) 

The cumulative effect of the displacements given by 
equation (17) is represented in part (b) of Fig. 8. This 
results in a steady drift being superimposed on the ran-
dom motion. Since one displacement S occurs in each in-
terval r of time, the average drift velocity is evidently 

given by the formula 

vd = S/7 = (qE/m)7/2 = (q7/2m)E. (20) 

If a more sophisticated method of averaging is used 
which takes into account the fact that not all mean-free 
paths have exactly the same length, then it is found that 
a better value for the drift velocity is given by 

Va = (qr /m)E = µE.  (21) 

In the last term of this equation we have introduced the 
symbol A which is known as the mobility. It is the pro-
portionality factor between electric field and drift veloc-

ity: 

velocity of the phantom particles, then the linear rela-
tionship between drift velocity and electric field fails." 
Since both the diffusion constants and the mobility 

are determined by the microscopic quantities 1, yr and 
m, there should be a relationship between the two. This 
relationship can be exhibited in terms of the ratio 

DIM = (1/3)1vr/(qr/m) = mvr2/3q.  (23) 

This equation is inaccurate because of the approxima-
tions made in evaluating D and A. The correct equation 
is 

DIM = mvr2/2q = kT/q = 0.026 volt at 300° K.  (24) 

= vd/E =  (22) 

The linear relationship between electric field and drift 
velocity is valid so long as the electrons are able to dis-
sipate the energy they acquire from the field sufficiently 
rapidly to the phonons. 
If the electric field is too high, the electrons become 

"hot" in the sense that the energy of their random mo-
tion is increased. As a result they have collisions more 
frequently and their mobility is decreased. This effect 
gives rise to a fundamental deviation from Ohm's law in 
certain experiments and the resistance of a specimen in-
creases with increasing electric field.'" The critical field 
at which the mobility deviates appreciably from its low 
electric field value is simply related to the behavior of 
the phantom particles that simulate the phonons. When 
the drift velocity of the electrons equals the thermal 

II E. J. Ryder and W. Shockley, "Mobilities of electrons in high 
electric fields," Phys. Rev., vol. 81, p. 139; 1951. 

This relationship between diffusion constant and mo-
bility is known as the Einstein relationship. It was de-
rived by Einstein on the basis of much more general 
considerations which show that such a relationship must 
hold regardless of the nature of the mechanism involved 
in producing diffusion and mobility. In semiconductor 
work it has usually proved more effective and accurate 
to measure the mobility and then to use the Einstein 
relationship to evaluate the diffusion constant rather 
than to measure the diffusion constant directly. Re-
cently, however, the Einstein relationship has been di-
rectly verified by measuring simultaneously mobility 
and diffusion of both electrons and holes in germanium. 
We shall discuss- the experiments involved in Section 4. 
The orders of magnitude of the diffusion constant and 

the mobility can be estimated from the values given 
earlier in this section. Evidently, the diffusion constant 
will be approximately 

D = (1/3)1vr = 33 cm2/sec.  (25) 

The mobility may then be estimated from the diffusion 
constant with the aid of the Einstein relationship, and 
the result is 

A = (q/ kT)D = 1,300 cm2/volt sec 

= 1,300 (cm/sec) per (volt/cm).  (26) 

These values are typical of mobilities for electrons and 
holes in silicon and germanium. The actual values may 
differ by 3 or 4 from these and are of course functions of 
the temperature. The best estimates for values for ger-
manium and silicon are given in Table II. The effects 

TABLE II 

MOBILITIES IN CPO/VOLT SFC AND DIFFUSION 
CONSTANTS IN CIIIVSEC 

Electrons Holes 

Si  1,200±120  30±3 
Ge  3,600±180  93±5 

250 ± 50 
1,700±90 

65 ±12 
43 ±2 

of impurities and temperature upon µ and D are re-
viewed in a recent article by Conwel1.2 
The combined effects of drift and diffusion are shown 

in Fig. 9. Here it is supposed that the group of electrons 
start at 1=0 at one point indicated by the dot. Their 
subsequent distributions are represented by the circles. 

i. 
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The times since starting for the five circles are in the 
ratio 1:9:25:49:81. It is seen that the effect of diffusion 
is more powerful than the effect of drift at short times, 
and during the first interval of time, some electrons dif-
fuse against the field. As the circle surrounding the e1,4 - 
trolls becomes larger, the rate at which it grows ra(li.iIiy 
decreases and the dominant effect is that of drift iii t he 
electric field. If the circle is taken as the radius at which 
the electron density is 0.1 of its value at the center, then 
(7) leads to 

R = (2.3 X 4 X Dt)"2,  (27a) 

where t is the time of flight. The distance drifted in the 
same time is 

L = AtEl = (27b) 

where V is the voltage drop in distance L. These equa-
tions lead to 

spread/drift = R/L = (9.2kT/qV)"2.  (27c) 

From this it is seen that the spreading is small com-
pared to the drift when V is large compared to 9.2 kT/q 

or about  volt. The largest circle in Fig. 9 corresponds 
to about 4 volts. 

Fig. 9—The relative influence of diffusion and drift. 

A magnetic field applied to the specimen will lead to 
an additional deflection of the electron paths and will 
produce a phenomenon known as the Hall effect. Al-
though the Hall effect has proved to be of considerable 
interest in connection with semiconductors and tran-
sistor electronics, in general it does not appear to be of 
sufficient immediate concern with the functioning of 
transistors to warrant a complete discussion of it at this 
place. Consequently, we refer the reader to the literature 
for a discussion of the Hall and Suhl effects.' 

C. The Behavior of a Hole 

The word hole is used to describe the electronic imper-
fection produced by removing one electron from a va-
lence bond. Such a disturbance obviously represents one 
positive charge equal to the electronic charge. Like the 
excess electron this charge will be shielded by the dielec-
tric constant of the material. When the perfection of the 
crystal is disturbed in this way, electronic conduction 
can be thought of as taking place by a replacement proc-
ess. An electron in an adjacent bond can jump into the 
hole in the incomplete bond, thus producing an elec-
tronic motion and a reciprocal motion of the hole. If an 

electric field is applied such as to move electrinis to the 
left, the hole will move Iowan Is the right as .1 result. 
On the basis of this picture, what would we expect 

the attributes of a hole to be? In the first place, its 
charge as stated above would be plus-one electronic 
unit. We would exiwct the mean-free path to be about 
one interatomic distance. It is hard to tell what effective 
inass or mean-free time should be assigned'0 I II . . t.:e 
on the basis of the description given abo\ e. The resiiiis 
drawn inini this simple reasoning are in disagreement, 
howe‘ui , in iii with I licory and with direct observation 
of th,.fhi. ur  of 1101es. The conclusions drawn from 
more complete re.isiining and from v\prriment are at 
first surprising. \\ hen the t'icon is worked out in detail, 
it is found that the applicatiiin of the wave equation to 
the behavior of the electrons when a hole is present leads 
to t he conclusion that t effective mean-free path for 
Itu ii iou niiins is of the same order of magnitude as for 
electrons. The effective mass for the hole is also found 
to be of the same order of magnitudeH 

then, the hole behaves just as does an electron except 
for the fact that it acts as though it were a positive 
charge. Quantitatively, D and Az are somewhat less for a 
hole than for an electron. 

There is no simple way of seeing how the electron re-
placement process can lead to these long mean-free paths 
for holes. The analytical reasoning required to reach 
this conclusion inevitably seems to be complicated. 
From the experimental point of view, on the other 

hand, the behavior of the hole may be regarded as :in 
established fact. The mobility and diffusion constants 
for holes in germanium have been directly measured, as 
have those for electrons. It is found that the hole is ap-
proximately ?, as mobile as an electron in this case. If the 
mean-free path were really as short as one interatomic 
distance, the ratio would have to be 1:1,000 instead of 
1:2. Thus the important attributes of a hole may be re-
garded as determined by direct experimental observa-
tions. So we are jusi.ified in using these attributes of the 
behavior of holes in design theory and in the explana-
tion of the way in which transistor devices function. 
Although the hole has acquired a very substantial 

reality as a result of new experiments in transistor 
physics, its true nature should not be forgotten. The 
hole is after all simply a convenient way of describing 
the behavior of an incomplete assemblage of electrons. 
Attributing to the hole a positive mass, a positive 
charge, and a mean free path of about 10-5 cm leads 
to a correct description of the way in which this im-
perfection in the incomplete assemblage diffuses and 
drifts under the influence of electric and magnetic 
fields. These are the processes of chief importance in 
transistor electronics, and for them no error will be 

made in considering the hole to be a real particle. There 
are pitfalls, however, in the blind acceptance of this 
model, and there are circumstances in which the true 

ence I. 
12  An extensive treatment  of this  topic  is given  in footnote  refer-



I. electronic nature of hole currents may become apparent. For example, adding a hole to a specimen will not in-
k. crease its mass and its weight by the effective mass of 
the hole. Adding a hole is really removing an electron, 
and the mass of the specimen will be decreased by the 
true mass (not the effective mass) of an electron. The 
linear momentum of a current of holes in a specimen 
will be in the opposite direction from the motion of 
the holes since the momentum really arises from the 
motion of the assemblage electrons and this motion is 
in the opposite direction from the hole motion. These 
considerations are presented chiefly to prevent possible 
confusion which may arise if the model of the hole is 
taken too literally." 

D. Photoconductivity, Lifetime, and Deathnium 

In Fig. 10 we represent an experiment which may 
never be carried out in any laboratory. We see a trans-
former involving a primary winding and a secondary 
winding consisting of a doughnut of pure germanium. 
Also shown is a light source. By measuring the input re-
sistance at the primary of the transformer, it is possible 

(a) (b) 
Fig. 10—Production of photoconductivity in a germanium ring by 
absorption of light; each absorbed photon generates one hole-
electron pair. 

in principle to measure the resistance of the secondary 
winding. We have chosen this structure so as to avoid 
in this discussion the problem of end contacts on the 
specimen of germanium. When the light is turned on, 
photons or particles of radiation fall upon the specimen. 
Some of these photons penetrate the germanium and 
disturb its electronic structure. This disturbance has 
been shown by experiments carried out by Goucher" to 
have unit efficiency in the sense that one hole and one 

12s Such confusion has recently occurred in connection with 
metals which conduct by. the hole process. For such conduction 
it was found that the ratio of momentum to current was that ex-
pected for electrons and not for positive particles. (S. Brown and 
J. S. Barnett, Phys. Rev., vol. 87, p. 601,1952.) This result is not sur-
prising, as Brown and Barnett imply; it i! just what should be ex-
pected on reasoning presented above and is entirely consistent with 
the theory of the hole presented in this article and elsewhere in con-
nection with semiconductors and the anomalous Hall effect. 

13  F. S. Goucher et al., "Photon yield of electron-hole pairs in 
germanium," Phys. Rev.,. vol. 78, p. 816; 1950, and "Theory and 
experiment for a germanium p-n junction," vol. 81, p. 637; 1951. 
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electron are produced for each photon absorbed. What 
happens is this: If a photon has sufficient energy, it will 
be absorbed in the crystal and deliver its energy to an 
electron in one of the electron-pair bonds. This electron 
will be ejected from the bond, thus becoming an excess 
electron in the crystal and leaving a hole behind it. 
Both the hole and the electron will move in the presence 
of electric fields, and consequently the doughnut will 
acquire conductivity as a result of the presence of the 
light. If the number of electrons present per cubic centi-
meter of the crystal is represented by n and the corre-
sponding density of holes by p, then it can be readily 
shown that the conductivity of the torus will be given 
by the formula 

= PiAjOr (28) 

where q is the charge on the electron and ii,, and i.z„ are 
the mobilities of electrons and holes, respectively." Un-
der the influence of the ac electric field the holes will 
flow about the torus in one direction and the electrons 
in the opposite. 
If the light is removed, the conductivity will die away 

as a result of the recombination of holes and electrons. 
In principle, this recombination can take place by the 
reverse of the mechanism of generation, the electron can 
drop into the hole, and radiation can be emitted. This 
recombination 'process appears to be of negligible impor-
tance in the literature of transistor electronics. 
It is found that after the exciting cause is removed, 

the effect of recombination can well be described by an 
exponential decay towards a certain equilibrium value." 
In other words, if the conductivity is measured as a 
function of time, it is found to obey a law of the sort 

a = ao Aa exp (—t/r). (29) 

The excess conductivity a —ao decays exponentially to-
wards zero so that the conductivity finally becomes cro. 
In the case of a sample of germanium at room tem-

perature, cro may be caused by the spontaneous breaking 
of hole electron bonds as a result of the presence of 
phonons in the crystal. This process produces a thermal 
equilibrium concentration of holes and electrons. In a 
pure sample of germanium these must evidently be 
present in equal numbers. Otherwise, the specimen 
would have a net electric charge. In the last part of this 
section, we shall discuss this intrinsic conductivity again. 
The constant r in (29) is called the lifetime. It is 

analogous to RC for a condenser-resistor combination. 
In each interval r, the disturbance decays by a factor 
exp ( —1). The lifetime r is not related in any direct 
way to the mean-free time between collisions, which was 
given the same symbol. An electron will ordinarily have 
10A to 108 collisions, and thus spend a like number of 
mean-free times before recombining with a hole. 

14  This formula may be readily derived by considering the number 
of carriers crossing the unit area per unit time. See footnote reference 
7, p. 202. 
" J. R. Haynes and W. Shockley, "The mobility and life of in-

jected holes and electrons in germanium," Phys. Rev., vol. 81, pp. 
835-843; 1951. 
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One fact which emerges with great prominence when 
the lifetimes of added holes and electrons arc studied 
is that there are great variations between specimens 
which appear to be alike in all other properties. From a 
study of such observations, one concludes that the re-
combination process must be controlled by some im-
perfection present in the crystal. At least one such 
imperfection is known, and there are probably others 
that can be active as well. For purposes of convenience 
the word deathnium has been introduced to identify the 
imperfections that catalyse the recombination and 
thus limit the lifetime. 

7ko  

(a) 

1;3 

b) (C) (d) 

Or 

Fig. 11—Possible behavior of deathnium center. 

(e) 

In Fig. 11 we illustrate a way in which the deathnium 
recombination process can occur. We imagine that in 
the crystal there is an imperfection of some sort which is 
capable of trapping an electron. Part (a) of the figure 
shows the electron approaching this center and part (b) 
represents the situation after the electron is trapped. If 
a hole reaches the center while the electron is trapped 
in it, the electron may easily jump into the hole. The 
center is then left in its original condition and is ready 
to recombine another electron-hole pair. Evidently, the 
reverse process can also go on and the center can gener-
ate hole-electron pairs by proceeding through the steps 
represented by (c), (d), and (e) in the figure. In (d) the 
deathnium center is supposed to have captured an elec-
tron, not an excess electron in this case but one from an 
electron-pair bond. As a result, a hole is created which 
diffuses away from the center. Subsequently, in (e) the 
electron jumps out of the deathnium center which is 
then returned to its original state and may create other 
electron-hole pairs or recombine them as the case may 
be. Conservation of energy is achieved in these proc-
esses by the simultaneous absorption or generation of 
photons and phonons. 
One form of deathnium is the imperfection produced 

by disordering the germanium lattice itself so as to 
knock some atoms out of their normal positions in the 
lattice, thus leaving vacancies behind. Such disturb-
ances can be produced by bombarding the crystal with 
high-energy electron beams or nuclear particles." Such 
a treatment of the germanium crystal can substantially 
reduce the lifetime." 
The surface of a germanium crystal often acts like 

a concentrated layer of deathnium. The nature of the 
recombination centers on the surface is not known, but 

" J. W. Cleland, J. H. Crawford, Jr., K. Lark-Horowitz, J. C. 
Pigg, and F. W. Young, Jr., "The effect of fast neutron bombard-
ment on the electrical properties of germanium," Phys. Rev., vol. 83, 
pp. 312-319; 1951. 

11 See footnote reference 7, p. 347. The cross section for recom-
bination by a bombardment center is estimated from preliminary 
experiments to be about 10-0  cm'. 

may be similar to the incomplete germanium bonds that 
are associated with bombardment-produced disorder in 
the interior. The effect of surface recombination is so 
great in specimens of small cross section, for example 
0.05 cm on an edge, that it sometimes dominates the 
recombination process and controls the lifetime. The sur-
face recombination is described by a surface-recombina-
tion velocity. This velocity may be controlled by surface 
treatment, some of the results being quoted in the re-
view article by Conwel1.8 In subsequent parts of this 
article we shall refer to the lifetime in rods of germa-
nium. This lifetime will, in each case, be the effective life-
time resulting from the combined action of recombina-
tion in the volume and on the surface. The mathematical 
procedures for combining these are somewhat involved 
and will be found in the references cited in connection 
with p-n junctions and p-n junction transistors. 

E. Intrinsic Conductivity 

In the previous portion of this section we emphasized 
chiefly conductivity induced by the absorption of pho-
tons. As was pointed out there, this photoconductivity 
tends to die away because holes and electrons recombine 
through the deathnium process. We also pointed out 
that deathnium can work backwards and generate hole-
electron pairs. As a result, a thermal equilibrium den-
sity of holes and electrons will be present in an unil-
luminated specimen. The equilibrium density depends 
upon the temperature, and we shall analzye below the 
factors which determine the equilibrium condition. 
The statistics of the recombination and generation of 

holes and electrons by the deathnium process are some-
what involved." Fortunately, it is not necessary to con-
sider this particular process in order to reach conclusions 
about the thermal equilibrium density of holes and elec-
trons. There is a general theorem of statistical mechan-
ics which states that the equilibrium state of a system 
is independent of the mechanisms which permit it to be 
achieved. We have discussed two processes for the gener-
ation of hole-electron pairs: One was the absorption of 
photons and the other the reverse of the deathnium 
process. In order to determine the equilibrium number 
we can consider a case in which no deathnium is present 
and only the photon process is active. This process can 
also work backwards in the sense that a hole and an elec-
tron can recombine and emit a photon. Fortunately, the 
statistics for the photon process are relatively simple. 

Under conditions of thermal equilibrium there will be 
a certain thermal equilibrium density of black-body ra-
diation present within the specimen. Some of the pho-
tons in this distribution have sufficient energy to break 
the electron-pair bonds and create electron-hole pairs. 
At temperatures of interest here the number of photons 
of this class is proportional to 

exp (— hv/kT) = exp (—Eo/kT), (30) 

II  R. N. Hall, "Electron-hole recombination in germanium," 
Phys. Rev., vol. 87, p. 387; 1952. 
W. Shockley and W. T. Read, "Statistics of the recombinations 

of holes and electrons," Phys. Rev., vol. 87, p. 835; 1952. 



1952 Shockley: Transistor Electronics: Imperfections, Unipolar and Analog Transistors  1299 

where hv is the energy of a photon. We have introduced 
the symbol E0 to represent the energy required to break 
a bond. This symbol stands for the energy gap in the en-
ergy-band theory of solids.839  According to this theory 
each possible state of motion of an electron in the crystal 
corresponds to an energy level. The electrons in the 
valence bonds are in one group of energy levels, known 
as the valence-bond band or full band, and electrons which 
are excess electrons and can move about the crystal are 
in a higher group or band of energy levels, known as the 
conduction band or empty band. Between these two bands 
of energy levels there is a gap for which there are no 
energy levels. In order to create an electron-hole pair it 
is necessary to give an electron enough energy to carry 
it from one band to another across the energy gap. 
The rate of generation of electron-hole pairs by black-

body radiation will be proportional to the exponential 
of (30). The thermal equilibrium state is then found by 
equating the rate of recombination to the rate of gener-
ation. The rate of recombination may be estimated by 
considering one electron. The chance that this electron 
will recombine with a hole is evidently proportional to 
the number of opportunities which it has; and this is 
proportional to the density p of holes. Hence the rate of 
recombination of holes with electrons will be directly 
proportional to the product of their densities. (This 
simple relationship does not apply when the recombina-
tion must take place through a deathnium center.) The 
proportionality constant which relates the rate of re-
combination to the product np will be dependent upon 
temperature because the speed with which the holes and 
electrons diffuse through the crystal depends on tem-
perature and the distance of approach at which recom-
bination occurs also will depend on temperature. The 
temperature dependence of this proportionality factor 
is unimportant, however, compared to the temperature 
dependence of the photon density given by (30). Hence, 
so far as temperature dependence is concerned, the con-
dition for thermal equilibrium will be given approxi-
mately by2° 

np = const exp (— EG/kT).  (31) 

This equation is reminiscent of a mass-action law in 
chemistry in which the tendency of the reaction to go in 
one direction is proportional to the product of the con-
centrations of the reacting constituents. 
In a pure sample of germanium in which there is no 

charge density due to chemical impurities (a subject 
which we shall discuss in the next section), the hole and 
electron densities must be equal in order that the speci-
men be electrically neutral. This leads to the equation 

n = p = ni,  (32) 

where n, stands for the concentration in a pure or in-
trinsic sample of material. Evidently, ni is given by the 
relationship 

n,2 = const exp (—EakT).  (33) 

" See footnote reference 7 for a discussion. 
" See footnote reference 8 for values of np. 

The conductivity of such a sample will then be 

= q0Ap (34) 

We shall have occasion to refer to this intrinsic conduc-
tivity in subsequent sections and shall also consider 
cases in which n and p are not equal, but are related by 
the constancy of their product given by (31). 

3. CHEMICAL IMPERFECTIONS AND 
CONDUCTIVITY 

The chemical impurities of chief importance in silicon 
and germanium are known as donors and acceptors. The 
reason for the importance of these classes of impurities 
is that their presence in the otherwise perfect crystal 
induces the presence of electrons or holes, and thus 
makes the crystal a conductor, or rather a semiconduc-
tor. As for the case of the excess electron and the hole, 
there is a high degree of symmetry between the behavior 
of a donor and of an acceptor, and we shall discuss the 
electron-producing donors before the hole-producing ac-
ceptors. 

A. Donors and n-Type Germanium 

Typical donor elements for silicon and germanium 
are antimony and arsenic. These elements have an inner 
core and valence electrons as does germanium; but in-
stead of having.four valence electrons, they have five. 
There is a body of experimental evidence that indicates 
that arsenic or antimony atoms when present in a crys-
tal of germanium or silicon substitute themselves in 
place of normal atoms;2' rather than squeezing into 
spaces where there are normally no atoms. Surrounding 
a normal lattice position there are four neighbors and 
places for a total of eight electrons in the electron-pair 
bonds. An arsenic atom in these surroundings has one 
too many electrons for its share of the bonds. Conse-
quently, one electron becomes an excess electron and 
wanders throughout the crystal. 
The situation surrounding an arsenic atom is repre-

sented crudely in Fig. 12. It is evident that the arsenic 
atom represents a localized positive charge of +1 elec-
tronic unit. This conclusion follows from the fact that 
the electron-bond structure surrounding it would be 
adequate to neutralize a charge of +4 on the core but 
not +5. The resulting unbalanced electric field distorts 
the bond configuration and produces a dielectric po-
larization. On Fig. 12 we represent a section through a 
cube surrounding the arsenic atom. This cube is drawn 
so that its sides cut midway between nearest neighbor-
ing atoms. In the case of a perfect crystal, there would 
be no electrical charge within the cube. In the case of the 
arsenic atom, there is one net unit of positive charge 
within this cube due to the extra charge on the arsenic 
core. Because of the high dielectric constant of germa-
nium, which is 16, there is a nearly compensating inward 
shift of the electrons across the surface of the cube so 
that the total net charge within the cube is only  of an 
electronic charge. This shielding of the charge by the 

el See footnote 7, p. 25 of reference. 

.1 
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dielectric effect minimizes the attraction of the positive 
arsenic atom for a wandeirng excess electron. The 
attraction is much smaller than it would be between an 
ionized arsenic atom and an electron in free space. 
At room-temperature thermal energy of motion of the 
excess electron has a far greater effect than the feeble 
attraction, and the electron will hardly notice the pres-
ence of the arsenic atom. 

NET CHARGE INSIDE = q/16 

Fig. 12—Dielectric polarization produced by a donor. 

At low temperatures, however, thermal agitation is 
less. If the temperature is low enough, the feeble attrac-
tion of the arsenic atom will completely overcome the 
thermal motion and the excess electron will become 
trapped in the neighborhood of the positive charge and 
will be unable to conduct. Information about the 
strength of the attraction can thus be found by studying 
conductivity as a function of temperature. Some of the 
findings based on this method of attack are discussed in 
a review paper by Conwel1. 8 

The principal effect of the extra arsenic atom in the 
lattice at room temperature is thus to produce a bound 
charge of +1 unit which is shielded from electrons or 
other charges by the dielectric constant of the material. 
This charge cannot move in electric fields since the force 

holding the atoms themselves in position are very great. 
As a result, the arsenic atoms do not enter appreciably 
into the electrical conduction process at any operating 
temperatures for transistors. It is important that they 
do not because the permanence of many transistor struc-
tures depends upon the chemical imperfections remain-
ing fixed in place. 
A crystal containing a relatively large number of 

donors will have a large net positive charge unless some 
compensating imperfections are present. In this case the 
compensating imperfections will evidently be electrons. 

Since these electrons are not bound to the donor atoms 
at room temperature but are free to conduct, the crystal 
will be conducting. Such a specimen is referred to as 
n-type since the current is carried by localized negative • 
charges, namely, the electrons. 
The donor density in atoms per cm3 is usually de-

noted by N . The conductivity will thus be 

a = DA?, = DAN,' (35) 

since n and N d are equal. 
If the number of electrons is not exactly equal to the 

number of donors, then the specimen will have a net 
electrical charge. This electrical charge will set up an 
electric field which will tend to restore electrical Illql-

tralit V. It is important to note that in a specimen of 
macroscopic size the degree of neutralization must be 
extremely good or else enormous electric fields will be 
set up. For example, if the concentration of donors has 
.1 typical value of 10'5 per cc and the neutralization is 
10 per cent imperfect throughout a sphere whose radius 
is 10-2 centimeters, of 4/1,000 of an inch, then an elec-
tric field of about 40,000 volts per centimeter will be 
set up. In some cases, considered below, we shall de:d 
with situations ill which neutralization is quite imper-
fect; but the volumes or charge densities involved will be 
considerably smaller. 
In an n-type specimen the product of hole and elec-

tron densities must have the value discussed in Section 
2E. Evidently, if n is much larger than the value 71i in a 
pure crystal, p will be much less than ni and hence much 
less than n. Consequently, the charge density of holes 
will be nearly negligible and the requirement of electri-
cal neutrality will lead to equal numbers of electrons and 
donors. 

B. Acceptors and p-Type Germanium 
Aluminum and gallium are typical acceptors for sili-

con and germanium. These elements have three valence 
electrons rather thin four. As a result, they cannot com-
plete the paired elet tron structure of the four bonds that 
surround them when they replace an atom in the normal 
crystal lattice. If an electron from a bond somewhere 
else is used to fill in this hole, the acceptor atom will ac-
quire a localized negative charge. This negative charge 
will produce a polarization like that shown in Fig. 12 for 
a donor except that the effect will be to repel electrons 
from the bonds in its neighborhood rather than to at-
tract them. 

The hole, which is set free when an electron completes 
the bonds, will be attracted by the negative charge of 
the acceptor and all of the remarks made about the be-
havior of an electron will apply in this case with proper 
change in sign. 

The behavior of the hole is, of course, actually the re-
sult of the co-operative behavior of the electrons in the 
valence bonds. It is difficult to explain how the electrons 
simulate the attributes of a positive particle, but as was 
pointed out in Section 2, they do. Their behavior in the 
presence of an acceptor is also described with considera-
ble accuracy in terms of the hole as a positive particle 
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moving near a fixed negative center. We shall not try to 
justify these conclusions by attempting an exposition 
of the theory, but will again remind the reader that both 
theory and experiment show that a hole behaves much 
as does an excess electron except for its positive charge. 
In a specimen containing a uniform density of accep-

tors, and no donors, the charge density of the acceptors 
must be balanced by that of holes. Such a specimen will 
have p-type conductivity since the charge carriers are 
positive and the conductivity will be 

a = (36) 

where N. is the acceptor density. 

C. Compensation and Intrinsic Germanium 

Since the chief effect of donor and acceptor densities 
is to produce a distribution of charge density, it is evi-
dent that their effects may be combined algebraically 
into a single chemical charge density pr, 

p c = q(X — X a). (37) 

An impure or doped crystal having equal values of N d 

and No is said to be compensated; it will behave elec-
trically much like a pure crystal. The phenomenon of 
compensation is of great technological importance; it per-
mits control of conductivity and conductivity type (i.e., 
n-or-p-type) to be achieved by adding donors or ac-
ceptors without first removing those that are present." 
There are disadvantages to attempting to control 

properties entirely by compensation, however. The weak 
fields of the donors and acceptors do have an influence 
on mobility if the impurity density is high enough .8 
Small fractional errors in compensated densities will also 
have a proportionately larger effect on the chemiCal 
charge density, and this effect makes control more diffi-

cult. 
For most specimens of germanium, a condition of 

intrinsic conductivity can be reached by raising the tem-
perature. As the temperature is increased, there is an in-
crease of ni the density holes and electrons would have 
in a pure crystal. If ni is large compared to the difference 
between N a and N., then both p and n will be approxi-
mately equal to ni with a relatively small diffreence to 
neutralize the chemical charge density. Under these 
conditions the conductivity is nearly the same as for a 
pure crystal, and represents an intrinsic property, that 
is a property inherent in the germanium itself. If a 
crystal has a difference in Nd and N. much less than ni 
at room temperature, it is said to be intrinsic at room 
temperature. At a lower temperature it may become 
definitely n-type or p-type. 

4. INJECTION AND DETECTION OF MINORITY 
CARRIERS 

In Fig. 13 we represent one of the earliest and most 
basic experiments of transistor physics. This experiment 

22 The development of this viewpoint and of the related tech-
niques is reported by J. H. Sc.aff, H. Theurer, and E. E. Schumacher, 
"P-type and N-type silicon and the formation of the photovoltaic 
barrier in silicon ingots," Jour. Met., vol. 185, pp. 383-388; 1949. 

was designed to test the theory of operation of the point-
contact transistor. The theory of the point-contact tran-
sistor is that the emitter point-contact introduces holes 
into the n-type base material. The collector point-con-
tact, which is biased negative, withdraws these holes. 
Current in the emitter point-contact thus controls the 
current in the collector contact. 
Haynes tested this theory by making an elongated 

transistor consisting of a rod of germanium somewhat 
less than a millimeter square and about 1 cm in length." 
Emitter and collector point-contacts separated by sev-
eral millimeters were made to this specimen. In a recent 
form of the experiment," which we shall use for illustra-
tion, the experimental procedure was as follows: A pulse 
of positive charge was applied to the emitter point, the 
duration of the pulse being short compared to other 
times involved in the experiment. Current drawn by the 
collector point was then observed on an oscilloscope. If 
the emitter point injects holes into the rod, then these 
holes will flow towards the right as a result of the sweep-
ing field set up by the battery applied to the two ends of 
the rod. If the holes move in the fashion described in 
Section 2, then the hole pulse at successive intervals of 
time will be as represented in part (b) of the figure. 
When the leading edge of the pulse of holes arrives at the 
collector point, the collector current will start to in-
crease; and when the middle of the pulse is at the collec-
tor, the current will reach its maximum value; after this 
the current will decay. 

PuLSER 

EMITTER  COLLECTOR 

fl —TYPE GERMANIUM 

DISTANCES 

TIME 

(a) 

(b) 

(C) 

Fig. 13—Observation of drift and diffusion of an 
injected group of minority carriers. 

The results observed by Haynes and his collaborators 
are in agreement with prediction, the appearance of the 
oscilloscope traces being similar to those shown in part 
(c) of Fig. 13. From measurement of the electric field, 
the distance, and the time, it is possible to determine 
both the mobility and the diffusion constants from this 
experiment and to see whether or not the two are re-
lated by the Einstein relationship. The relationship is 

23 J. R. Haynes and W. Shockley, "Investigation of hole injection 
in transistor action," Phys. Rev., vol. 75, p. 691; 1949. 

24 "Experimental verification of the relationship between dif-
fusion constant and mobility of electrons and holes," submitted to 
Phys. Rev. 



1302  PROCEEDINGS OF THE I.R.E.  November 

indeed found to be satisfied, and the orders of magni-
tudes of the diffusion constant and the mobility are in 
accord with the orders of magnitude that one would es-
timate on the basis of theory." 

However, it is not at all evident at first that the mo-
tion of the holes in Haynes' experiment should be that 
described in Section 2. After all, a relatively large num-
ber of holes are introduced, and the electric field that 
the charge of these holes could produce is far from 
negligible. Furthermore, a large number of electrons are 
present, and their motions will be interfered with by the 
electric fields set up by the holes. Thus more careful 
consideration is certainly necessary to show that the 
pulse of holes introduced in the rod will actually move as 
though the disturban.ce in electric field set up their pres-
ence were negligible. The critical condition necessary for 
this approximation to be true is that the concentration 
of the holes should be small compared with the concen-
tration of electrons already present. We shall consider 
this point below. 

Let us then consider first a case in which a small group 
of added holes are present in an n-type semiconductor 
in the absence of any sweeping field If these holes were 
suddenly introduced by some magical means before the 
electrons could move, they would set up a large positive 
electrostatic potential. This electrostatic potential 
would tend to make the group of holes blow apart, and 
at the same time would tend to attract electrons in-
wards. Since there are vastly more electrons in any ele-
ment of volume than there are holes, according to our 
assumption that the holes represent a small disturbance, 
the motion of electrons would predominate and the po-
tential would be reduced to a small value before any 
large motion of holes took place. The situation would 
then be as represented in parts (a) and (b) of Fig. 14. 
The concentration of electrons would be larger than its 
normal value in the presence of the holes, but a slight 
excess of hole-charge density would remain. What we 
wish to show next is that the motion of the holes for this 
simple case is governed largely by diffusion, and the ef-
fect of drift in the electric field due to the holes is neg-
ligible relatively, providing the concentration of the 
minority carriers, holes in this case, is very small com-
pared to that of the majority carriers. 
The reasoning on which this conclusion is based may 

be understood in terms of the arrows in Fig. 14(a). 
These arrows are supposed to be proportional to cur-
rents expressed in terms of particles per unit area per 
unit time. We shall start by assuming that the drift cur-
rent of holes is negligible. This assumption can then be 
justified by the following considerations: (1) Since elec-
tron and hole concentrations are nearly equal, so are 
their concentration gradients; since the diffusion con-
stant for electrons is twice that for holes, the electron 
diffusion current is twice that for holes. This is repre-
sented in part (a) of the figure. (2) Electrical neutrality 
requires that equal numbers of holes and electrons flow 
out of the region. Hence, the electron drift current must 
cancel approximately half of the electron diffusion cur-
rent. We now come to the essential point. (3) Since the 

hole density is much less than the electron density, and 
since the same electric fields acts on both, the hole drift 
current must be much less than the electron drift cur-
rent. This leads to the conclusion that the hole drift cur-
rent must be shown by the small arrow in Fig. 14(a). 
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Fig. 14—Diffusion and drift for a small density 
of added minority carriers. 

This important result is applicable in the theory p-n 
junctions, junction transistors, and the Haynes' experi-
ment discussed in Fig. 13. The essential conclusion may 
be stated as follows: The influence of small concentra-
tions of minority carriers in the presence of larger con-
centrations of majority carriers produces such a small 
effect upon the electric field that the motions of the mi-
nority carriers can be calculated as though they took 
place in the electric fields which would be present if no 
minority carriers were introduced. 

The application of this reasoning to Fig. 13 shows that 
the hole distribution should drift in the sweeping field in 
the manner proposed at the start of this section. The ef-
fect of somewhat larger minority densities has also been 
investigated. For information on this important subject 
the reader is referred to the literature."."." 

5. P-N JUNCTIONS AS RECTIFIERS 
AND PHOTOCELLS 

From the discussion of Section 3 it is evident that in a 
single crystal there may be both p-type and n-type re-
gions. The boundary between such regions is called a 
p-n junction. Such p-n junctions have interesting elec-
trical and optical properties. An understanding of their 
nature is basic to many phases of transistor electronics." 

is C. Herring, "Theory of transient phenomena in the transport 
of holes in an excess semiconductor," Bell Sys. Tech. Jour., vol. 28, 
pp. 401-427; 1949. 

" W. van Roosbroeck, "Theory of the flow of electrons and holes 
in germanium and other semiconductors," Bell Sys. Tech. Jour., 
vol. 29, pp. 560-607; 1950. 

27  The theory of p-n junctions presented here is discussed more 
fully in W. Shockley, "The theory of p-n junctions in semiconduc-
tors and p-n junction transistors," Bell Sys. Tech. Jour., vol. 28, 
pp. 435-489; 1949. See, also, footnote reference 7. 
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Fig. 15 represents a p-n junction. In discussing its 
electrical properties, we will be concerned with the five 
kinds of imperfections shown in the lower part of the 
figure. From a mechanical point of view the crystal is 
practically homogeneous and perfect. A typical concen-
tration for impurities in the crystal might be 10" cm-3 . 

p- REGION 

r - - 

- REGIOT. 

been assumed, as represented by the Na and Na curves, 
that the transition from n-type to p-type occurs 
abruptly at the junction and that compensation of one 
impurity type by another is not involved. In the pres-
ence of the electrostatic potential shown in part (a) of 
the figure the holes tend to be pushed to the left. As a 
result, the hole density drops to a small value before the 
junction itself is reached. Electrons having a negative 
charge tend to move to the points of highest electrostat-
ic potential, and thus they also are not found near the 
center of the junction. As a consequence, the chemical 
charge density is not compensated by holes or electrons 
in the immediate neighborhood of the junction. Thus an 
electrostatic dipole layer is formed at the junction, the 
charge density being as shown in part (f) of the figure. 
This dipole layer is seen to be of just the nature neces-
sary to produce electrostatic potential shown in part (a). 

+  HOLE - ELECTRON 

0  ACCEPTOR  0  DONOR 

oEATHNIum 

Fig. 15—A p-n junction and the distribution of imperfections in it. 

This density of imperfections is so low that if one were 
to traverse a row of atoms from end to end in the crystal 
one would, on the average, strike only about ten imper-
fections. Thus the crystal structure itself is only slightly 
altered by the presence of the imperfections. From the 
electrical point of view, on the other hand, .the imperfec-

tions have profound effects. 
As is shown in Fig. 15, the electrons are found chiefly 

in the n-region where they neutralize the chemical space 
charge of the donors and the holes are similarly found 
in the p-region. In order for this situation to persist, as 
it does under conditions of thermal equilibrium, there 
must be an electric field present in the crystal. The idea 
that an electrical field is present in a conductor under 
conditions of thermal equilibrium is at first surprising. 
However, the necessity for such an electric field can 
readily be seen in terms of Fig. 15. Let us first of all sup-
pose that no electric field is present across the junction; 
then as a result of diffusion, holes will cross the junction 
from left to right and electrons will similarly diffuse 
across the junction from right to left. As a result, there 
will be a net transfer to the right of positive charge 
across the junction. 1 his will result in an electric field 
which will build up to just such a point that further cur-
rent flow is prevented. 
The electric field in the p-n junction is represented in 

Fig. 16(a) in terms of an electrostatic potential IP. The 
remaining parts of the figure show how this electric field 
and electrostatic potential arise from the charge densi-
ties involved. The chemical charge densities are shown 
in parts (b) and (c) of the figure. In this example it has 
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Fig. 16—Potential and charge distribution in a p-n junction. 

Mathematically, what is done in order to determine 
the shape of the electrostatic potential in Fig. 16(a) is to 
solve a differential equation. If the dependence of elec-
trostatic potential upon distance is regarded as the un-
known, then from it and certain principles of statistical 
mechanics it is possible to write an expression for the 
charge density due to the holes and the electrons. These 
charge densities can be combined with those due to the 
chemical imperfections in order to obtain a differential 
equation for the electrostatic potential. This differential 
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equation is Poisson's equation, which relates derivatives 
of the electrostatic potential to the charge density. 
When this equation is solved, it is found that the situa-
tion in the p-n junction under thermal equilibrium con-
ditions is as represented in Fig. 16. 
Under conditions of thermal equilibrium no net cur-

rent of either holes or electrons will flow across the junc-
tion. It is advantageous, however, to consider this 
equilibrium situation as arising from compensating cur-
rents. We shall illustrate this by considering the flow of 
holes back and forth across the junction. Although the 
density of holes is small in the n-region, it is still appre-
ciable and plays a vital role in the behavior of the p-n 
junction. Let us consider the course of a hole that arrives 
in the n-region by Climbing the potential hill as illus-
trated in Fig. 17. Having climbed the hill and arrived at 
the plateau of constant electrostatic potential in the 
n-type region, it will then proceed to move by a random 
diffusive motion of the type discussed in Section 2. The 
most probable outcome of this motion will be that it will 
diffuse to the steep part of the hill and slide back down 
into the p-type region. We shall not be concerned with 
holes which follow this particular course. On the other 
hand, it may, by chance, diffuse more deeply into the 
n-type region. In this event, it will on the average 
diffuse for lifetime 7-, and subsequently it will be cap-
tured by a deathnium center in which it recombines 
with an electron. 

DISTANCE 

Fig. 17—Hole current from p-region to n-region in a p-n junction. 

The average depth to which holes diffuse in the n-type 
region depends upon the lifetime. The holes spread out 
in the region by diffusion in the manner described in Sec-
tion 4. When the suitable differential equation describ-
ing this process is solved, it is found that the average 
depth to which they penetrate is given by the equation 

L = VDT, 

where L is known as the diffusion length, D is the dif-
fusion constant for holes, and r is the lifetime for holes 
in the n-region. Thus under equilibrium conditions a 
current of holes flows from the p-region into the n-region 

and penetrates on the average one diffusion length L 
before recombining with electrons. 
Under equilibrium conditions a principle of detailed 

balance holds. This principle of statistical mechanics says 
that each process and its opposite occur equally fre-
quent I y. I fence we must conclude that the flow of holes 
from the p-region into the n-region, followed by recom-
bination, must be exactly balanced by a reverse process. 
The reverse process is thermal generation of holes 
through deathnium centers, followed by diffusion to 
barrier where they slide down into p-type 
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Fig. Ifi—Dependence of recombination and generation currents upon 
(a) Thermal equilibrium. (b) Reverse bias. (c) Forward 

bias. 

The application of voltage to the terminals of the de-
vice shown in Fig. 15 destroys the exact balance of the 
two currents just discussed. In considering the applica-
tion of voltage we shall neglect any voltage drops at the 
contacts between the metal electrodes of Fig. 15 and the 
semiconductors. At the end of this section we will return 
briefly to the reasons why such voltage drops may be neg-
lected. The effect of the application of voltages upon 
the currents is represented in Fig. 18. In part (a) of this 
figure we show the thermal equilibrium condition. The 
two currents previously discussed are represented by if 
and 4, these currents standing, respectively, for the cur-
rent of holes entering the fl-region and recombining and 
the current generated in the n-region and diffusing to 
the barrier.2la For the condition of thermal equilibrium 

27°  The subscript f and g may be thought of as "forward" and 
"generation." This mixed choice avoids subscript v, which might 
be either "reverse" or "recombination." In this decision, "forward" 
is equivalent to "recombination" and "reverse" to "generation." 



Ithese two currents are equal and opposite. In part (b) of 
t.J the figure the situation for a large "reverse" bias is 
t shown. For reverse bias, negative voltage is applied to 
3- the p-region and positive to the n-region so that the 
electrostatic potential difference between the two re-
gions is increased. If the electrostatic potential is suffi-
ciently high, corresponding to the situation shown in 
part (b), then practically no holes can climb the poten-
tial hill and I, d r o ps nearly to zero. This situation is rep-
resented by showing If as a vector of negligible length 
whereas I, has practically the same value as it has for 
the case of thermal equilibrium. In general, the diffusion 
length L is large compared to the width of the dipole or 
space-charge region. Hence the region where I„ arises is 
practically unaffected by reverse bias and I, is thus in-
dependent of reverse bias. This independence of current 
upon bias is referred to as saturation. 
When forward bias is applied, the situation shown 

in Fig. 18(c) occurs and If  increases. This increase 
is described in terms of the energy difference for a 
hole in the n-region and p-region. This energy differ-
ence is equal to the charge of the electron times the elec-
trostatic potential differences between the two sides. 
\le can apply a general theorem from statistical me-
_. 

chanics to a consideration of the number of holes which, 
by chance, acquire sufficient energy to climb the poten-
tial hill. This theorem states that each time the potential 
hill is increased by one thermal unit of energy, kT, then 
the number of holes capable of climbing the higher hill is 
reduced by a factor of lie. Since the potential barrier is 
already present under conditions of thermal equilibrium, 
it follows also that each lowering of the barrier by an 
amount kT will increase the current by a factor of e. The 
change in height of the barrier caused by the applied 
voltage V is —qV, where the polarity is so chosen that 
positive values correspond to plus potentials applied to 
the p-region. For 1=0 is the equilibrium case, and for 
this case If is equal to I. Hence, in general, the recom-

bination current is 

If =  Ig exp qV/kT.  (38) 

This gives rise to a total current of holes from p-region 
to n-region, given by the difference 

if — I, = /,(exp (qV / kT) — 1).  (39) 

This current is zero when V=0, increases exponentially 
to large values for positive V, and decreases to a nega-
tive saturation value of I„ when V is negative and sub-

stantially larger than kT/q. 
Similar reasoning can be applied to the electron cur-

rent flowing across the junction. The applied potential 
which lowers the potential barrier for holes evidently 
lowers it also for electrons; consequently, large electron 
currents flow under the same voltage conditions that 
produce large hole currents. In both cases these large 
currents correspond to flows of minority carriers into 
each region. In both cases the current is in the sense of 
transferring positive charge from the p-region to the 
n-region. In one case this is carried in the form of posi-
tive imperfections, namely holes, moving from p to n, I. 
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and in the other case it is due to negative imperfections, 
electrons, moving in the opposite direction. For the case 
of reverse biases the potential rise is larger and the holes 
tend to be retained in the p-region and the electrons in 
the n-region. A saturation current due to generation in 
both regions flows. If the total saturation current is 
called 1,, then the total current for any applied voltage 

V is given by the formula 

I = [exp (qV/ kT) — ills.  (40 ) 

Evidently, I. is the sum of the two generation cur-
rents. This equation is found to be well satisfied for p-n 
junctions in germanium, and a comparison of the rectifi-
cation curve" as measured with the theoretical formula is 
given in Fig. 19. It should be noted that the separation 
between the forward and reverse branches of the curves 
corresponds to a factor of e when the voltage is kTlq 
=25 my. This is exactly the factor predicted by (40). 
This agreement between theory and experiment is evi-
dence that the imperfections which carry the current in 
a p-n junction have the charge of the electron. If they 
had twice this charge, a value of 12.5 my should be ob-
tained; if half the charge, the value should be 50 my. 
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Fig. 19—Rectification characteristic for a p-n junction. 

For large forward biases, the potential barrier be-
tween the n and p-type is nearly eliminated. Under these 
conditions large concentrations of minority carriers flow 
across the barrier and density of the majority carriers 
may be substantially disturbed. Under these conditions 
it is no longer valid to consider that the minority car-
riers diffuse in a field-free region on the basis of reason-
ing like that presented in Section 4. Although these large 
signal conditions are of general interest, we shall not 
consider them further in this section. 
There are a number of ways in which the diffusion 

theory for rectification in the p-n junction can be tested 
experimentally. We shall consider a test based upon a 

2 See the second part of footnote reference 13. 
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photoelectric effect. As was discussed in Section 2, pho-
tons of sufficient energy can generate hole-electron pairs 
when they are absorbed in germanium. This generation 
adds to the thermal generation produced in the death-
nium centers. If the light is focused on the specimen in 
the form of a small spot, then it is possible to generate 
minority carriers in either region at a precise distance 
from the junction. The current flowing across the junc-
tion as a result of generation by the light should then 
decrease with increasing distance of the light from the 
junction. It can be shown that the probability that a 
minority carrier generated at a distance x from the junc-
tion diffuses to junction before recombining is simply 

exp (— x/L),  (41) 

where L is the diffusion length of the minority carrier in 
the region where it is generated. This exponential de-
pendence of response upon distance from the junction 
has been verified directly by Goucher and his col-
leagues." They have found also that value of L deter-
mined by studies of this sort is consistent with that nec-

essary to explain value of I, in rectification formula. 
For purposes of illustration we shall consider the value 

of the diffusion length for a typical example. A typical 
lifetime for a minority carrier is 10-4 sec and the diffu-
sion constant for electrons in germanium is 93 cm2/sec. 
These lead to a diffusion length of about 0.1 cm or 1 mm. 
Since the light acts as a current generator, its effect 

may be readily included in an equivalent circuit for a 
p-n junction. This is illustrated in Fig. 20. Here I is the 

EXP (-X/L) 

Fig. 20—Equivalent circuit for a p-n junction photocell. 

current of minority carriers generated by the light. The 
equivalent circuit shown corresponds to a case in which 
the light is focused at a distance x from the junction. If 
the light is distributed, the appropriate average of the 
exponential probability factor should be used. If the 
light falls on both the n-type and the p-type region, this 
average should take into account the fact that the dif-
fusion length for holes in the n-region is probably dif-
ferent from that for electrons in the p-region. Fig. 20 
emphasizes the importance of considering the light as 
acting as a current generator. If the equivalent circuit of 
Fig. 20 is operated in an open circuit condition, then a 
photovoltage will be developed. This photovoltage will 
in general be nonlinear in the light intensity because of 
the rectification characteristics of the rectifier. In the 
equivalent circuit of Fig. 20, however, the current gener-
ator is linear in the light intensity. This independence 
of the current generator of biases applied to the p-n junc-
tion has been verified over a wide range of experimental 
conditions by Goucher and his colleagues. 
In closing this subject we shall consider how the 

magnitude of the current in a p-n junction depends upon 
the properties of the n- and p-type regions which com-
pose it. For this purpose it suffices to consider 4, the 

current carried by holes generated in the n-region. The 
consideration for electrons is entirely analogous. We 
shall accordingly suppose that the lifetime of a hole in 
the n-type region is r and the normal concentration of 
holes in that region is P. Each of these holes normally 
lives for an average time r and then recombines with an 
electron through a deathnium center. This implies that 
the rate at which holes are recombining with electrons 
per unit volume is 

pn/r.  (42) 

Under equilibrium conditions this rate will be exactly 
equal to the rate of thermal generation of holes through 
the reverse process. The current la, which flows to the 
junction as a result of generation, is due chiefly to holes 
generated within one diffusion length of the junction. 
In fact for a junction of unit area, the current flowing to 
the junction will be equal to the generation within a 
slab of unit area and depth L. Hence the current density 
across the junction will be equal to 

q(p„/r)L, = qpn.VD/r. (43) 

From this equation we see that the current flowing to 
the junction increases with the rate of generation, which 
is proportional to 1/r, but only as the square root rather 
than as the first power. The reason for this square-root 
law is that although the rate at which holes are gener-
ated is proportional to 1/r, the effective region from 
which holes may reach the junction decreases as r de-
creases. The effective generation is the more important 
so that the reverse current increases with decreasing 
lifetime but only to the square-root power as shown 
above. The value of p„ in the n-region depends upon the 
electron concentration in this region since, as dis-
cussed in Section 3D, the product of hole times electron 
concentration is a constant at a given temperature. Fur-
thermore, to a good approximation, the electron concen-
tration is proportional to the conductivity a. of the n-
region. When this factor is taken into account and the 
diffusion equations for hole flow to the junction are 
solved, it is found that 4 for holes is given by 

I g =  b(1 ' b)-2(0-$2/cr.L)(kT/q), (44) 

where 

I, = saturation current per unit area due to holes 

b= 

= mobility of an electron 

lip = 

qi = 

mobility of a hole 

q04„ni 

conductivity of intrinsic germanium 

crn = pot = conductivity of n-region 

L = diffusion length of a hole in n-region. 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

A similar expression holds for electron current. The de-
pendence on constants discussed above has been verified 
for a p-n junction studied by Goucher." 
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From the equation for 4 due to holes it is evident 
that large I. and small junction resistances can occur 
for small lifetimes r and short diffusion lengths L. On 
this basis we can give a reason for not being concerned 
about the end electrodes shown in Fig. 15. Metal elec-
trodes, in effect, may be regarded as regions of very 
short lifetimes for either holes or electrons. Hence the 
resistance of a metal-to-semiconductor contact may be 
quite low compared to that of the p-n junction, and 
can be neglected. This point of view is an over simplifi-
cation, however, as we shall see in connection with the 
discussion of point contacts. However, it will serve as a 
temporary justification for neglecting voltage drops 
across the end electrodes in Fig. 15. 

6. THE P-n JUNCTION TRANSISTOR 
In terms of the concepts of currents carried by diffu-

sion in p-n junctions we can readily understand the 
mode of operation of a junction transistor." Among its 
numerous features of interest, the junction transistor is 
possibly the most calculable of all electronic amplifying 
devices. The essential feature that gives the junction 
-transistor its unusual simplicity is that in it the pattern 
of flow is essentially one dimensional. 
Fig. 21 gives a diagrammatic representation of an 

n-p-n transistor. In a preferred form it consists of a 
single crystal of germanium divided into three regions. 
These regions are alternately n-type, p-type, and n-type. 
Metallic contacts are made to each of the three regions; 
these contacts have low resistance and are of such a na-
ture that they carry current to and from the semicon-
ductor chiefly as a flow of majority carriers, and thus 
do not inject minority carriers into the body of the ger-
manium. As is indicated on the figure, the contacts are 
described by the symbols e, b, and c which stand, re-
spectively, for emitter, base, and collector. 
Under conditions of thermal equilibrium, the distri-

bution of imperfections in the junction transistor is as 
shown in part (b) of Fig. 21. In this case of this transis-
tor, the role of deathnium is not so vital as in a simple 
p-n junction, and symbols representing the deathnium 
imperfections have been omitted. The potential energy 
for a hole in the structure is represented in part (c) and 
the potential energy for an electron in part (d). The 
electrons and holes both tend to concentrate in regions 
where their potential energies are low. There are, how-
ever, a few minority carriers of each type in each region. 
When the junction transistor is used as an amplifier, 

biases such as those in Fig. 22(a) are applied. These 
biases produce the potential energy distribution for 
electrons shown in Fig. 22(b). The positive bias applied 
to the collector region biases the p-n junction between 
it and the base in the reverse direction. The current 
across this collector junction, however, is much greater 
than that which would be predicted on the basis of the 

22  W. Shockley, "The theory of p-n junctions in semiconductors 
and p-n junction transistors," Bell Sys. Tech. Jour., vol. 28, pp. 435-
489; 1949. 

W. Shockley, M. Sparks, and G. K. Teal, "p-n junction tran-
sistors," Phys. Rev., vol. 83, pp. 151-162; 1951. 

M. Sparks, "The junction translator," Sci. Am., pp. 28-32; 
July, 1952. 
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Fig. 21—An n-p-n structure under conditions of thermal equilibrium. 
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p-n junction theory of the previous section. The reason 
for the difference is that in the case of the transistor, the 
minority carriers flowing out of the base layer do not 
have to be generated in the base layer, but can instead 
enter it from the emitter region. In effect, it is as if an 
infinite supply of deathnium were located at the junc-
tion between the emitter and the base. Consequently, 
the length quantity which should be used for electron 
current in the p-n junction formula (44) should be the 
width W of the base layer rather than the diffusion 
length for electrons in the base layer. The hole current 
flowing from the collector region across the junction is, 
of course, perfectly normal providing only that the 
length of the collector body is large compared to the 
diffusion length for holes in it. This current can then be 
calculated from the formula (44). 
In Fig. 22(b) the potential distribution corresponds 

to no signal applied between emitter and base. If a posi-
tive signal is applied to the base as represented in 
part (c), then the emitter-base p-n junction will be 
biased forward. As a result, a larger number of electrons 
will be able to diffuse into the base. If the diffusion 
length in the base is large compared to its thickness IV, 
then an electron is unlikely to recombine in the base as 
compared to the probability that it will diffuse entirely 
through the base, reach the collector junction, and slide 
down the potential hill into the collector. Hence most 
of the current of electrons which flows out of the emitter 
body will diffuse through the base layer and reach the 
collector. The fraction of this current which recombines 
with holes in the base can be shown to depend upon the 
ratio of the natural diffusion length in the base material 
to the width W of tile base region. This fraction is ap-
proximately equal to 

(W/L)2/2.  (52) 

For small values of NIL this fraction is nearly negli-
gible. Consequently, for many purposes one can con-
sider that all of the electron current entering the base 
region from the emitter arrives at the collector. 
If it were true that all changes in the emitter current 

appeared in the collector current, then there would be 
no change in base current and, when operated with the 
emitter grounded, the junction transistor would behave 
much like an ideal negative grid triode which draws 
negligible low-frequency ac control current. However, 
the junction transistor does require finite base currents 
in order to modulate the emitter and collector currents. 
One of these sources of base current is the recombination 
of electrons with holes in the base layer. This is unim-
portant in many cases, and we shall neglect it as men-
tioned above. The other source of base current consists 
of a flow of holes from the base into the emitter. This 
current is an ordinary junction current and can be cal-
culated by the methods described in Section 5. The 
ratio of this hole current to the electron current can be 
shown to be 

„/ Lan. (53) 

This result may be seen from (44) of Section 5 by 
using L for the diffusion length of holes in the n-region 

and W for the thi I i e diffusion length of electrons in 
the p-region. Ph  ally, the reason that the ratio of \   
hole current to Ott Iron current takes this form can be 
seen as follows: The current flowing across the junction 
may be hampered by two factors. The more heavily 
doped the region into which the minority carriers must 
penetrate, the more difficult it is for them to arrive 
there. Once they have arrived as minority carriers across 
the junction, the probability of t heir staying and rccont-

diffusion length. Hence the bining is less the larger t he 
factors an and L are hot It unfavorable to hole flow into 
the emitter region. The corresponding unfavorable fac-
tors for electron flow into the base region are a, and IF. 
Hence the hole flow is smaller than the electron flow by 
the ratio given in the previous equation. 
Although a finite current must be furnished to the 

base in order to change the collector current in a junc-
tion transistor, the current gain factor may be quite 
large. We can estimate the current gain from the above 
reasoning. When the base potential is altered, there is a 
change in ele( iron current flowing through emitter and 
through base to collector and it change in hole current 
from base to emitter. If the collector junction is satu-
rated, as is usually a good approximation, the hole flow 
from the collector region to the base will be unaltered. 
To the degree of approximation discussed above, we 
neglect electron recomNnation in the base laver, and we 
then conclude that the added base current consists en-
tirely of hole (Trent into the emitter region. From this it 
is evident that the current gain factor is simply the 
ratio of change in electron current to change ill hole 
current across the emitter junction, aml is therefore 

La „/  . (54) 

This current gain may be 100 fold or more in a junction 
transistor. 

In addition to having high current gain when oper-
ated with a grounded emitter, the junction transistor 
has impedances•that are favorable to high gain. In par-
ticular, the output impedance or collector impedance is 
high due to the fact that the collector in general will be 
saturated; as soon as the collector bias is greater than it 
few times kT /q, say perhaps 0.1 volt, the collector cur-
rent will be substantially independent of the collector 
bias just as is the case for the saturation current of a 
simple p-n junction. Under these conditions the output 
impedance would be nearly infinite. Actually, output 
impedances of the order of megolimS are obtained for 
good junction transistors. The dependence of electron 
current upon base potential, on the other hand, is very 
sensitive to base potential so that 39,000 micromhos 
of transconductance will arise for each milliampere of 
emitter current. (This gives a figure of merit for trans-
conductance per unit current of q/kT or 39 volts-1 . As 
a result of the high current gain, high transconduc-
tance, and high collector impedance, very high gains per 
stage can be achieved through junction transistors, 
and typical values may be as high as 50 db." 

3° R. L. Wallace, L. G. Schimpf, and E. Dickten, "A junction 
transistor tetrode for high frequency use," PRoc. I.R.E., vol. 40, 
pp. 1395-1401; this issue. 
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If the lifetime in the emitter and collector regions are 
high and the conductivities also high, then the satura-
.tion current across the collector junction may be of the 
order of a few microamperes. Also, the collector cur-
rent saturates at a voltage a few times larger than kTlq 
so that amplifiers and oscillators can be made with power 
supplies furnishing less than a microwatt of power." 
In the above discussion of the operation of the junc-

tion transistor, we have tacitly made several approxima-
tiohs. In particular, it has been supposed that the 
voltage drops in the transistor occurred entirely across 
the p-n junctions. Actually, there may be potential 
drops within the uniform body of the semiconductors 
due simply to their ohmic resistances. In particular, 
there may be a drop along the p-type base layer due to 
the current leaving it and flowing into the emitter. This 
voltage drop will cause uneven bias between emitter and 
base to be present. In addition, capacitances have been 
neglected. The capacitance of a p-n junction may be 
quite large, and this neglect can become as important 
at high frequencies. As has been discussed by Wallace 
and his collaborators, these capacitances and the series 
resistance in the base layer may play a vital role in the 
high-frequency behavior of junction transistors." 
An interesting extension of the theory of the junction 

transistor has recently been made by Early." His in-
vestigation is concerned with the effect of reverse bias 
at the collector junction upon the effective thickness of 
the base layer. The essential mechanism is that dis-
cussed in the subsequent section on depletion regions. 

1. 
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Fig. 23—Hole and electron currents in a point-contact transistor. 

7. CON1MENTS ON POINT-CONTACT TRANSISTORS 

The general functioning of the point-contact transis-
tor has been described by Bardeen and Brattain." Here 
we shall restrict our comments chiefly to aspects that 
are concerned with imperfections in germanium. The 
role of imperfections is of particular importance near the 
collector point. In Fig. 23, the current flow in a point-
contact transistor is represented. Holes injected at the 

" R. L. Wallace and W. J. Pietenpol, "Some circuits properties 
and applications of n-p-n transistors," PROC. I.R.E., vol. 40, pp. 
753-767; July, 1951. See, also, Bell Sys. Tech. Jour., vol. 30, pp. 530-
%3; 1951. 
n R. L. Wallace, L. G. Schimpf, and E. Dickten, op. cit. 
33 J. M. Early, "Effects of space charge layer widening in junction 

transistors," Paoc. I.R.E., vol. 40, pp. 1401-1407; this issue. 
" J. Bardeen and W. H. Brattam, "Physical principles involved 

in transistor action," Phys. Rev., vol. 75, p. 1208; 1949. 

emitter point flow in the electric field set up by the col-
lector current. They are thus drawn to the collector and 
add their current to the normal reverse current of the 
collector contact. In addition, the hole current causes 
an enhanced flow of electrons from the collector point 

into the base body. 
The behavior of the collector contact depends upon 

electrical forming treatments. Forming involves the 
passage of reverse currents much larger than the work-
ing currents and dissipation of relatively high powers at 
the collector point. The nature of the mechanism of the 
forming process is one of the central problems of the 
point-contact transistor. Experiments have shown that 
at least two effects of forming can be observed. 
Using micromanipulator techniques, Valdes" has in-

vestigated the area around a formed collector point. His 
studies show that a portion of the n-type block is con-
verted to p-type by forming. The size of the p-type re-
gion depends upon the intensity of the forming process, 
and may be as large as 2 X10-2 cm in diameter over the 
surface and 1.7 X10-3 cm deep. Normal forming prob-
ably produces volumes whose linear dimensions are 
about three times smaller. The presence of a p-type re-
gion can lead to high values of the current multiplica-
tion factor at the collector by the "hook" mechanism. 
In order to invoke this mechanism, Valdes also supposes 
that there is an n-type region adjacent to the collector 
point. Under these conditions, holes flowing into the 
p-layer tend to bias it forward in respect to this n-region 
at the collector. The theory of current multiplication on 
this basis can be understood in terms of the mechanisms 
discussed in the last two sections." In essence, the 
p-layer acts like the base of an n-p-n transistor and a 
hole current into this layer produces a much larger 
electron current from one n-region to the other. 
In passing, we may remark that photocells involving 

this same multiplying action have been studied by 
Shive." Such cells are highly sensitive and the absorp-
tion of one photon may lead to a flow of many hundreds 
of electronic charges through the device. 
It is not entirely certain that in actual transistors the 

current multiplying mechanism is that of the hook. 
Another mechanism that is apparently in better accord 
in some ways with experiment is that of hole trapping." 
This involves the concept of an imperfection, the trap, 
which is capable of capturing a hole and restraining it 
for an appreciable time before either releasing it or per-
mitting it to recombine with an electron. Fig. 24 illus-
trates the action of hole traps near a collector point. In 
this region it is supposed that the reverse bias has re-
moved most of the electrons and produced a positive 
space charge. The positive space charge, in turn, is ef-
fective in withdrawing electrons from the metal point 
contact. Holes flowing into this region will enhance the 
space charge and provoke an additional electron flow. 
The triangular symbols represent imperfections that 

33  L. B. Valdes, "Transistor forming effects in n-type germanium," 
Paoc. I.R.E., vol. 40, pp. 445-448; April, 1952. 

34  W. Shockley, "Theories of high values of alpha for collector 
contacts on germanium," Phys. Rev., vol. 78, pp. 294-295; 1950. 

37  J. N. Shive, personal communication. 
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may be either neutral or positive in charge. If neutral, 
they may become positive by trapping a hole. If a hole 
in flowing through the space-charge region spends much 
more time in traps than it does in motion, then the 
amount of space charge it produces should be greatly 
enhanced. 

Fig. 24—The enhancement of positive space charge at the collector 
due to mobile and trapped holes. 

The trap mechanism predicts a collector current that 
is nonlinear in the emitter current. The reason is that 
when the hole current is large enough, the traps become 
full and there is no further enhancement of the space 
charge due to added increments of current. In addition, 
the ability of the traps to capture and hold the holes will 
be dependent upon temperature. The dependence of 
the current multiplication upon emitter current and 
temperature has been investigated by Sittner." His 
findings are in agreement with the theory of the trap 
mechanism insofar as the general trends are concerned. 
From his data he is able to estimate the density of the 
traps and their binding energy for holes. The former is 
about 10" cm-3 and the latter is 0.3 electron volts. The 
nature of the traps, however, is a subject for speculation. 
From the point of view of imperfections in nearly per-

fect crystals, the situation at point contacts is seen to 
be in a highly unsatisfactory state so far as fundamental 
knowledge is concerned. From the point of view of 
manufacturing control, on the other hand, the situation 
is quite different, and point-contact transistors can be 
formed to highly precise tolerances." 

8. DEPLETION REGIONS IN p-n JUNCTIONS 
In this section we shall consider some important fea-

tures of p-n junctions that are frequently disregarded in 
considering the current voltage characteristics. In Sec-
tion 5 the potential distribution in a p-n junction was 
described. It was shown in Fig. 16 that a dipole layer 
forms which produces the potential distribution. Within 
this dipole layer the density of holes and electrons is 
small compared to the density of chemical imperfec-
tions. As a result, the space charge of the donors and 

38  W. R. Sittner, 'Current multiplication in the type A transis-
tor," Pnoc. I.R.E., vol. 40, pp. 448-454; 1952. 
so J. A. Morton, "Present status of transistor development," 

Bell Sys. Tech. Jour., vol. 31, pp. 441-442; 1952. 

acceptors is not neutralized. If a large reverse bias is 
applied to a p-n junction, then the size of the dipole 
layer becomes larger as is illustrated in Fig. 25. Within 
this dipole layer the density of carriers is small and 
arises from the reverse currents of thermally generated 
minority carriers in the small p-region and the n-region. 
The fact that the dipole layer is depleted of its normal 
concentration of carriers is of importance in certain ap-
plications of transistor electronics. We shall emphasize 
the importance of the lack of carriers by referring to the 
layer as a depletion region. Such layers are sometimes 
referred to as space-charge layers, and the words empha-
size that there is a net charge density within them. 
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Fig. 25—Depletion region produced by reverse bias 
in a p-n junction. 

The observation of depletion layers in p-n junctions 
has been made by both electrical and electromechanical 
means. The electrical method consists of measuring the 
capacitance of a p-n junction at reverse bias." Under 
these conditions the depletion layer acts substantially 
as a region of dielectric. There is a small saturation cur-
rent flowing across it, but this current does not con-
tribute appreciably to the ac impedance. The ac voltage 
changes across the layer are produced by flows of car-
riers in the p- and n-regions and add their charges at the 
edges of the depletion region. Thus the p-n junction 
acts like a condenser having the dielectric constant 
equal to that of germanium and a plate to plate to spac-
ing equal to the thickness of the depletion layer. On the 
basis of electrostatic theory one can predict how the 
capacitance should depend on reverse bias for any as-
sumed concentration of donors or acceptors. The theory 
appears to apply to p-n junctions that have been studied 
within the accuracy of experimental measurement. 

4°  G. L. Pearson, W. T. Read, Jr. and W. Shockley, "Probing 
the space-charge layer in a p-n junction," Phys. Rev., vol. 85, p. 1055; 1952. 
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A much more graphic way of demonstrating the 
presence of the depletion layer involves the use of a 
probe point. In this demonstration p-n junctions were 
biased at voltages as high as 85 volts, and the potential 
on the surface of the germanium was determined by 
making contact to it with a very sharp tungsten point. 
It was found under these conditions that the potential 
was substantially constant within the n-region and the 
p-region themselves, and then varied rapidly throughout 
a narrow region. In Fig. 26 some potential plots ob-
tained by this means are shown.4° It is to be observed 
that the width of the depletion region is in some cases 
greater than 1/1000 of an inch. 
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Fig. 26—Probe voltage versus distance through 
carrier—depletion region. 
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If the electric field in the depletion region is suffi-
ciently large, then a new effect occurs. As was discussed 
in Section 1, an electric field tends to displace the va-
lence electrons in respect to the atomic cores. In other 
words, it tends to break the bonds. This breaking of 
bonds is aided by a quantum-mechanical effect first 
discussed by Zener." According to Zener's theory, a sort 
of spontaneous breaking of the valence bonds occurs 
before the electric field is large enough to rupture them 
directly. As a result of this spontaneous breaking in-
duced by strong electric fields, generation of hole elec-
tron pairs will occur in the depletion region. Such field-
generated currents, or Zener currents, have been 
observed in p-n junctions." Their effect upon the rectifi-
cation characteristic is illustrated in Fig. 27. Zener 
diodes is the name applied to p-n junctions which ex-
hibit such currents. By adjusting the densities of donors 
and acceptors when the junction is fabricated, it is pos-
sible to cause the voltage at which the Zener current 
becomes important to come at almost any assigned 
value. Voltages less than 1 volt and as high as 2,000 

" C. Zener, "A theory of the electrical breakdown of solid di-
electrics," Proc. Roy. Soc. (London), vol. 145, p. 523; 1934. 

42 K. R. McAfee, E. J. Ryder, W. Shockley, and M. Sparks, 
"Observations of Zeiler current in germanium p-n junctions," Phys. 
Rev., vol. 83, p. 650; 1951. 

volts have been observed. A stable Zener current can be 
drawn from such a junction for an indefinite period, 
thus making such junctions potentially useful as 
voltage-regulating or voltage-limiting devices. The tem-
perature coefficient of the critical voltage is, fortunately, 

quite small. 
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Fig. 27—Zener current in a p-n junction. 
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9. UNIPOLAR AND ANALOG TRANSISTORS 

Although transistors and vacuum tubes are different 
in structure and mode of operation, vacuum-tube con-
cepts have often been used to describe the functioning 
of transistors. Usually the analogy between the two is 
rather strained. In this section, however, we shall de-
scribe a new class of unipolar transistors, some of which 
are so conveniently described by analogy with vacuum 
tubes that they are referred to as analog transistors. We 
shall present the material of this section in terms of 

these analogies. 
As a starting point for describing these new transis-

tors by analogy with vacuum tubes, we shall discuss 
an analogy between a p-n junction biased in the re-
verse direction and a vacuum condenser. In a vacuum 
condenser there is a potential difference between the 
two metal plates. Between the plates there is an electric 
field, and under ordinary conditions of operation the 
electron emission from the plates can be neglected. Thus 
in the vacuum condenser the space between the two 
plates is free of charge. As we discussed in the last sec-
tion, when a p-n junction is biased in the reverse direc-
tion a region of carrier depletion is formed. If the effect 
of the small number of carriers in the region of depletion 
is negligible, then the structure will behave as a con-
denser. However, in general there will be an appreciable 
space charge in the depletion region and the electric 
field will not be the same as in a true vacuum condenser. 
A closer approximation to a true vacuum condenser 

can be produced by suitably adjusting the donor and 
acceptor concentrations. In Fig. 28 we represent a situa-
tion in which the structure consists of a p-type region, 
a region which is substantially pure or intrinsic, and an 
n-type region. If an electric field which produces a po-
tential difference is applied across the structure, then 
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the distribution of charge will be as shown in Fig. 28. 
In this case the dipole layer consists of two separated 
distributions of charge much as it does in the case of a 
metal parallel plate condenser. Thus we see in this ex-
ample that the p- and n-regions act as the metal con-
denser plates and the substantially pure region as the 
vacuum. This analogy will hold so long as reverse po-
tentials are applied. For forward potentials, however, 
there will be injection of majority carriers from both 
sides into the middle region. 

Li  P+ INTRINSIC  n+ 

DISTANCE  ....A. 

Fig. 28—Semiconductor analog to a vacuum condenser. 

Front the reasoning presented above, it is evident 
that heavily doped p- and n-regions are like cold non-
emitting electrodes in a vacuum-tube structure, pro-
vided that the electrical fields at their surfaces are 
properly chosen. The choice must be such that the elec-
tric fields at the boundaries of the regions are majority 
carrier retaining so that the p- and n-type regions will 
furnish only small saturation currents of minority car-
riers. For suitably designed structures, these small 
currents can be neglected. On the basis of these ideas we 
can understand how a transistor may be made whose 
mode of operation will be closely analogous to that of a 
vacuum-tube triode. We shall refer to such a transistor 
as an analog transistor. 
The mode of operation of the analog transistor may 

be described by reference to the state of affairs in the 
vacuum-tube triode. If normal operating voltages are 
applied to a vacuum-tube triode whose cathode is cold 
and nonemitting, then at the grid and cathode the elec-
tric field is electron extracting and at the plate it is 
electron retaining. If the cathode is heated so that elec-
tron emission occurs, then the field at the cathode is 

reduced by the space charge of the emitted electrons. 
However, the fields at the electrodes still remain elec-
tron extracting at grid and cathode and electron retain-
ing at the plate. 
In the analog transistor the geometrical structure of 

the vacuum tube is converted to semiconductor, as rep-
resented in Fig. 29, by replacing the cathode and anode 
by n+ regions, the grid by a p + region, and the space 
by pure germanium. Potentials of the same polarities 
are applied. l'nder these conditions the analog-grid will 
draw only a small saturation current since the field at 
its surface is hole retaining so that the majority carriers 
do not flow out of it. Likewise, the majority carriers are 
retained in the analog-plate. At the analog-cathode, 
however, the field is such as to extract majority carriers. 
Electrons N1 ill thus flow out of the analog-cathode, set-
ting up a negative space charge. Since the analog-grid 
is negative in respect to the analog-cathode, none of 
these electrons will reach it and the grid will lie sur-
rounded by a depletion region. The electron flow be-
tween the grid "wires" can evidently be controlled by a 
signal voltage applied to the analog grid. Thus a mode 
of operation closely analogous to that of a vacuum tube 
is achieved. 

A space-charge law strictly similar to Child's Law can 
lie derived for the space-charge limited emission of the 
n+ region of Fig. 29. For this purpose, as in the case of 
Child's Law, the complex geometry of Fig. 29 is re-
placed by a plain parallel model. Under these conditions 
one finds that the current emitted per unit area is given 
by the formula 

I = 90 V2/8x,  (55) 

where K and to are the dielectric constant of germanium 
and the permitivity of free space, respectively, At is the 
mobility of an electron, I- is the voltage between the 
parallel planes, and x is their spacing. In similar nota-
tion the conventional expression for Child's Law is 

I.= (4, '9)€,(2q/n) l, 21'3 2/ x 2. 
(56,1 

The analog for Child's Law governs the current flow in 
the analog transistor in much the same way that Child's 
Law does in the case of a vacuum tube. 

It should be pointed out, however, that there are im-
portant differences between the two laws. In the case of 
the analog of Child's Law it should be noted that there 
is no conservation of momentum of the electrons. After 
travelling one mean-free path they are scattered so that 
no coherent motion is preserved in the direction of the 
electric field from one collision to the next. One interest-
ing consequence of this is that electron flow to the 
analog-grid need not occur when the analog-grid is posi-
tive in respect to the analog-cathode, provided that the 
field is electron extracting at the analog-grid. It should 
also be pointed out that the analog of Child's Law pre-
sented above is valid only for relatively low electric 
fields. For high electric fields the relationship between 
drift velocity and electric field ceases to be linear, with 
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he result that, in effect, the mobility decreases." This 
act must also be taken into account in designing tran-
istors making use of space-charge limited emission. 

P+ 

1 4 4 

Fig. 29—Compositional structure of an analog transistor. 

The transistor of Fig. 29 is a strict analog of a vac-
sum-tube triode so far as the polarities and nature of 
;he electron currents are concerned. It is possible of 
:ourse to have an anti-analog transistor in which the 
-oles of donors and acceptors are interchanged. In such 
in anti-analog transistor the source of holes would be 
:he anode and the electrode to which they flow would 
)e the cathode. This situation poses certain difficulties 
n nomenclature for analog transistors. It is evident 
:hat the words cathode and anode are unsuitable since 
:he role played by an electrode will be opposite in a 
wle-flow analog or p-type analog transistor from what 
.t is in an electron-flow or n-type analog transistor. 
It is evident that the analog transistor works ac-

:ording to principles somewhat different from those of 
the ordinary type of transistor. As was mentioned 
above, the phenomenon of minority carrier injection 
into a region where majority carriers are present does 
not occur. Thus the conventional role assigned to an 
emitter electrode in an ordinary transistor is not played 
by any of the electrodes of the analog transistor. Fur-
thermore, except for ac charging currents and small 
reverse saturation currents, practically all of the current 
flowing in the transistor is carried by carriers of one 
sign. This is different from the point-contact transistor 
and the filamentary transistor in which both signs are 
involved to a significant degree. In the junction tran-
sistor, also, both controlled and controlling currents 
flow in the base layer at the same time. Thus a difference 
between the analog transistor and the more conven-
tional type is a separation in space of the two kinds of 
current flow. 
In order to distinguish between the more conven-

tional transistors and the analog types, we propose to 
use the words bipolar and unipolar. In terms of this 

" See footnotes 10, 11. 

terminology the analog transistor structures are the 
unipolar type. This is true for both the type in which the 
current is carried by electrons and the type in which the 
current is carried by holes. Elsewhere in this issue we 
discuss another type of unipolar transistor, referred to 
as the field-effect transistor." This transistor differs from 
the analog type in having unbalanced chemical impurity 
densities in the region where the carriers flow. These 
chemical impurities neutralize some of the space charge 
of the current carriers in a way somewhat reminiscent 
of the behavior of positive gas ions in a gas-discharge 
tube. 
Since the role of emitter is not played in the normal 

way in the unipolar transistor and since the collector 
also functions somewhat differently, it appears advan-
tageous to introduce new terminology for the electrodes 
in the unipolar types. The choice proposed for the elec-
trodes is as follows: Source for the electrode from which 
the carriers enter the region of relatively high electric 
fields; drain for the electrode at which they arrive and 
out of which they flow; in the analog transistor the con-
trol electrode will be called the grid because of its close 
analogy with vacuum-tube structures. In the field-effect 
transistor it is proposed to call the control electrode the 
gate. The fact that gate and grid have the same initial 
letter leads to the use of a common subscript for these 
two similarly functioning electrodes. The choice of these 
names has been based partly on an attempt to find 
names which describe functions and partly on the value 
of the names from a phonetic and abbreviational point 
of view. It should be noted that none of the new sub-
scripts are the same as those encountered in bipolar 
transistors. Furthermore, it may be noted that the 
names selected are all monosyllabic. 

CONCLUSION 

This article has attempted to show how the basic 
mechanisms of current flow in semiconductors arise 
from imperfections. Another purpose has been to show 
that the theoretical concepts of the hole and the elec-
tron, known for over two decades since the pioneering 
theories of Wilson were published, have reached the 
stage of acquiring quantitative attributes usable for 
engineering design. This quantitative status has become 
possible largely as a result of new experiments in tran-
sistor physics made possible by the growth of transistor 
technology. Although not all of the physical principles 
that may have engineering utility have been discussed 
at length, enough examples have been presented to show 
that transistor electronics is a large and diversified field. 
New combinations of principles may be expected to lead 
to new and useful devices. One new class of devices is 
constituted by the unipolar transistors, first published 
in this article. The conclusion is that transistor electron-
ics is a large_ and diverse field. It may be expected to 
show rapid growth for many years to come. 

" W. Shockley, 'A unipolar 'field-effect' transistor," PROC. I.R.E. 
vol. 40, pp. 1365-1377; this issue. 
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Present Status of Transistor Development* 
J. A. MORTONt, SENIOR MEMBER, IRE 

Summary—The invention of the transistor provided a simple, ap-
parently rugged device that could amplify—an ability which the 
vacuum tube had long monopolized. As with most new electron 
devices, however, a number of extremely practical limitations had to 
be overcome before the transistor could be regarded as a practical 
circuit element. In particular, the reproducibility of units was poor — 
units intended to be alike were not interchangeable in circuits; the 
reliability was poor—in an uncomfortably large fraction of units made, 
the characteristics changed suddenly and inexplicably; and the "de-
signability" was poor—it was difficult to make devices to the wide 
range of desirable characteristics needed in modern communications 
functions. This paper describes the progress that has been made in 
reducing these limitations and extending the range of performance 

and usefulness of transistors in communications systems. The con-
clusion is drawn that for some system functions, particularly those 
requiring extreme miniaturization in space and power as well as re-
liability with respect to life and ruggedness, transistors promise im-
portant advantages. 

INTRODUCTION 

HEN THE TRANSISTOR was announced not 
quite four years ago, it was felt that a new de-
parture in communication techniques had come 

into view. Here was a mechanically simple device which 
could perform many of the amplification functions over 
which the electron tube had long held a near monopoly. 
The device was small, required no heater power, and 
was potentially very rugged; moreover, it consisted of 
materials which might be expected to last indefinitely 
long, and it did not appear to be too complicated to 
make. 
However, as might be expected for a newly invented 

electron device, the practical realization of these prom-
ises still required the overcoming of a number of ob-
stacles. While the operation of the first devices was well 
understood in a general way, several items were limiting 
and puzzling. For example, 
(a) Units intended to be alike varied considerably 

from each other—the reproducibility was bad. 
(b) In an uncomfortably large fraction of the explora-

tory devices, the properties changed suddenly and inex-
plicably with time and temperature, whereas other units 
exhibited extremely stable characteristics with regard to 
time—the reliability was poor. 
(c) It was difficult to use the theory and then existing 

undeveloped technology to develop and design devices 
to a varied range of electrical characteristics needed for 
different circuit functions. Performance characteristics 
were limited with respect to gain, noise figure, frequency 
range, and power—the designability was poor. 
Before the transistor could be regarded as a practical 

circuit element, it was necessary to find out the causes 

" Decimal classification: R282.12. Original manuscript received 
by the Institute, August 8, 1952. Published previously in the Bell 
Sys. Tech. Jour., vol. XXXI, no. 3, pp. 411-442; May, 1952. 
I American Telephone and Telegraph Co., 195 Broadway, New 

York 7, N. Y. 

of these limitations, to understand the theory, and to 
develop the technology further in order to produce and 
control more desirable characteristics. 
Over the past two years measurable progress has been 

made in reducing, but nol eliminating, the three listed 
limitations. 
These advances have been obtained through an im-

proved understanding, improved processes, and, very 
importantly, through improved germanium materials. 
As a result, 
(a) The beginnings of method have evolved in the . 

use of the theory to explain and predict the electrical 
network characteristics of transistors in terms of physi-
cal structure and material properties. 
(b) It is now possil le to evaluate some of the effects 

and physical meaning of empirically derived processes, • 
and thereby to devise better methods subject to control. 
Previously, inhomogeneities in the material properties - 
masked the dependence of the transistor electrical prop-
erties even on bulk properties (such as resistivity) as 
well as on processing effects. 
(c) On an exploratory development level, it is now 

possible to make transistors in the laboratory to several 
sets of prescribed characteristics with usable tolerances 
and satisfactory yields. 
(d) Such transistors are greatly improved over the 

old ones in so far as life and ruggedness are concerned, 
and some reduction in temperature dependence has been 
achieved. However, it is not to be inferred that all reli.1-
bility problems are solved. 
(e) It has become possible in the laboratory to ex-

plore experimentally some of the consequences of the • 
theory, with the result that point-contact devices with 
new ranges of performance are indicated. Even more 
importantly, new p-n junction devices have been built 
in the laboratory, and these junction Clevices have indi-
cated an extension in several performance characteris-
tics. 

(f) By having interchangeable and reliable devices 
with a wider range of characteristics, it has become 
possible to carry on exploratory circuit and system ap-
plications on a more realistic basis. Such applications 
effort is, in turn, stimulating the development of new 
devices towards new characteristics needed by these cir-
cuit and system studies. 
It is the purpose of the remainder of this paper to give 

an over-all but brief summary of recent progress made 
at Bell Telephone Laboratories in reducing the above-
mentioned limitations on reproducibility, reliability, 
and performance. Since a fair number of device types 
are currently under development, each with different 
characteristics to be optimized, the data will be pre-
sented as a sort of montage of characteristics of several 
different device types. It is not to be inferred that any 
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)ne type of transistor combines all of the virtues any 
-nore than such a situation exists in electron-tube art. 
Nloreover, it will be impossible in a paper of practical 
'ength to present complete detailed characteristics on 
ill or even several of these devices under development; 
nor would it be appropriate since most of these data are 
Dn devices currently under development. Rather, what 
is desired is a summary of progress across the board to 
give the reader an integrated and up-to-date picture of 
the current state of transistor electronics. 
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holes (indicated by the small open circles) is injected 
from the emitter region into the n-type material. These 
holes are swept along to the collector under the influence 
of the field initially set up by the original collector elec-
tron current, thus adding a controlled increment of col-
lector current. Because of their positive charge these 
holes can lower the potential barrier to electron flow 

REPRODUCIBILITY STATUS 

A. Description of Transistors 

Before quantitative data comparing the characteris-
tics of past with present transistors are presented, it will 
be useful to briefly review physical descriptions of the 
various types of transistors to be discussed. Fig. 1 shows 
a cutaway view of the now familiar point-contact 
cartridge-type transistor. All of the early transistors 

Fig. 1—The Type A transistor structure. 

were of this general construction, and the characteristics 
of a particular one, called the Type A,' will be used as a 
reference against which to measure results now obtain-
able with new types under current development. Fig. 2 
is a semischematic picture of the physical operation of 
such a device. Pressing down upon the surface of a small 
die of n-type germanium are two rectifying metal elec-
trodes, one labelled E for emitter, the other C for collec-
tor. A third electrode, the base, is a large-area ohmic 
contact to the underside of the die of germanium. The 
emitter and collector electrodes obtain their rectifying 
properties as a result of the p-n barrier (indicated by the 
(lotted lines) existing at the interface between the n-type 
bulk material and small p-type inserts under each point. 
When the collector is biased with a moderately large 
negative voltage (in the reverse direction) so that the 
collector barrier has relatively high impedance, a small 
amount of reverse current flows from the collector to the 
base in the form of electrons as indicated by the small 
black circles. Now, if the emitter is biased a few tenths 
of a volt positively in the forward direction, a current of 

R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 
transistor," Bel/ Sys. Tech. Jour., vol. 28, p. 367; 1949. 
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/ JUNCTION 

Fig. 2—Schematic diagram of a point-contact transistor. 

from collector to base, and thus allow several electrons 
to flow in the collector circuit for every hole entering the 
collector barrier region. This ratio of collector-current 
change to emitter:current change for fixed collector volt-
age is called "alpha," the current gain. In point-contact 
transistors alpha may be larger than unity. Since the 
collector current flows through a high impedance when 
the emitter current is injected through a low impedance, 
voltage amplification is obtained as well. 
Some of the new transistors are point-contact tran-

sistors similar in physical appearance to the Type A. 

Fig. 3 —M1689 point-contact transistor. 

However, their electrical characteristics will be shown 
to be significantly improved over the old Type A, not 
only in-so-far as reproducibility and reliability are con-
cerned but also as to range of performance. 
For use in miniature packaged circuit functions, the 

point-contact transistor has been miniaturized to con-
tain only its bare essentials. Fig. 3 is a photograph of a 
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Fig. 4—Static characteristics of the M1689 transistor. 

so-called "bead" transistor (compared to a paper clip for 
size) and several of the current development types are 
being made in this form. 
In Fig. 4 is shown the family of static characteristics 

representative of the M1689 bead-type transistor. Note 
in particular the collector family which gives the de-
pendence of collector voltage upon collector current 
with emitter current as parameter. These characteris-
tics may be thought of as the dual to the plate family of 
a triode.' The slope of these curves is very nearly the 
small-signal ac collector impedance of the transistor.3 

EMITTER 

:BASE 

SINGLE-CRYSTAL 
-- GERMANIUM BAR 

11- TYPE 1 fl-TYPE 

p-TYPE 

Fig. 5—The n-p-n junction transistor. 

COL LECTOR 

For a fixed collector voltage of —20 volts, when the 
emitter current is changed from zero to 1 ma, note that 
the collector current correspondingly changes slightly 
more than 2 ma, indicating a current gain, alpha, of 
slightly more than two. 
Newest member of the transistor family, recently de-

scribed by Shockley, Sparks, Teal, Wallace, and Pieten-

2 R. L. Wallace and G. Raisbeck, "Duality as a guide in transistor 
circuit design," Bell Sys. Tech. Jour., vol. 30, p. 381; 1951. 
a As shown by Ryder and Kircher,' the ac collector impedance, 

r.= R0 —R12, where Rn is the open-circuited output impedance and 
RL, is the open-circuit feedback impedance. Usually, R22 >> R12. 

4 - -2 
MILLIAMPERES 

pol, is the n-p-n junction transistor." Fig. 5 is a sche-
matic diagram of such a structure. In the center of a 
bar of single-crystal n-type germanium there is formed 
a thin layer of p-type germanium as part of the same 
single crystal. Ohmic nonrectifying contacts are se-

PRIMARY  EMITTER CONTROLLED' 
ELECTRON CURRENT 

EMITTER 
JuNC 

fl 

1 
• • • • • • 

• • • • • • 

COLLECTOR 
JUNCTION 

(  
fl 

1 
MALL RESIDUAL 
COLLE CTOR 

REVERSE CURRENT 
(NOT CONTROLLED BY 

EMITTER) 

- -

Fig. 6—Schema tic diagram of a junction transistor. 

curely fastened to three regions as shown, one being 
labelled "emitter." one "base," and one "collector." In 
many simple respects, except change in conductivity 
type from p-n-p in point-contact (see Fig. 2) to n-p-n 
in the junction type, the essential behavior is similar. 
As shown in Fig. 6, if the collector junction is biased 

in the reverse direction, i.e., electrode C biased posi-
tively with respect to electrode B, only a small residual 

4 W. Shockley, M. Sparks, and G. K. Teal, "P-N transistors," 
Phys. Rev., vol. 83, p. 151; 1951. 
a Wallace and Pietenpol, "Some circuit properties and applications 

of n-p-n transistors," Bell Sys. Tech. Jour., vol. 30, p. 530; 1951 
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back current of holes and electrons will diffuse across 
the collector barrier as indicated. However, unlike the 
. point-contact device, this reverse current will be very 
much smaller and relatively independent of the collector 
voltage because the reverse impedance of such bulk bar-
riers is so many times higher than that of the barriers 
produced near the surface in point-contact transistors. 
Now again, if the emitter barrier is biased in the forward 
direction (a few tenths of a volt negative with respect 
to the base is adequate), then a relatively large forward 
current of electrons will diffuse from the electron-rich 
n-type emitter body across the reduced emitter barrier 
into the base region. If the base region is adequately 
thin so that the injected electrons do not recombine in 
the p-type base region (either in bulk or on the surface), 
practically all of the injected emitter current can dif-
fuse to the collector barrier; there they are swept 
through the collector barrier field and collected as an 
increment of controlled collector current. Hence, again, 
since the electrons were injected through the low for-
ward impedance and collected through the very high 
reverse impedance of bulk type p-n barriers, very high 
voltage amplification will result. No current gain is pos-
sible in such a simple bulk structure and the maximum 
attainable value of alpha is unity. However, because the 
bulk barriers are so much better rectifiers than the point 
surface barriers, the ratio of collector reverse impedance 
to emitter forward impedance is many times greater, 
more than enough to offset the point-contact higher 
alpha; thus, the junction unit may have much larger 
gain per stage.1 ,4.5  Fig. 7 is a photograph of a develop-
mental model of such a junction transistor called the 
NI 1752. 

Fig. 7 —The M1752 junction transistor. 

The upper part of Fig. 8 is a collector family ui static 
characteristics for the M1752 n-p-n junction transistor. 
By way of comparison to those of the point-contact 

family, note the much higher reverse impedance of the 
collector barrier (relatively independent of collector 
voltage) and the correspondingly smaller collector cur-
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Fig. 8 -Static characteristics of the M1752 junction 
transistor. 

rents when the emitter current is zero. In fact, Fig. 9 
is an expanded plot of the lower-left rectangle of the 
collector family of Fig. 8. The almost ideal straight-line 
character and regular spacing of these curves persists 
down to voltages as low as 0.1 volt and currents of a few 
microamperes. Thus, essentially linear Class A amplifica-
tion is possible for as little collector power as a few mi-
crowatts. Constant collector power-dissipation curves 
of 10, 50, and 100  v are shown dotted for reference. 

B. Reproducibility of Linear Characteristics 

In describing progress in the reproducibility of those 
transistor characteristics pertinent to small-signal linear 
applications, one possible method is to give the statisti-
cal averages and dispersions in the linear open-circuit 
impedances of the transistor as defined by Ryder and 
Kircher.' Such a procedure, of course, implies a state of 
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statistical control in the processes leading to a reasona-
bly well-behaved normal distribution for which averages 
and control limits can be defined. This situation can be 
said to be in effect for most transistors under current 
development. 
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Fig. 9—Expanded plot of the microwatt region of the static charac-
teristics of the M1752 transistor. 

However, for the old Type A unit, control simply was 
not in evidence; so that in quoting figures on Type A's, 
ranges for commensurate fractions of the total family 
will be given. In order that symbols and terminology will 
be clear, it will be useful to review briefly the method of 
defining the linear characteristics of all transistors. In 
Fig. 10 is shown a generalized network representing the 
transistor in which the input terminals are emitter-base 

and the output terminals are collector-base. Then, over 
a sufficiently small region of the static characteristics, 
the linear relations between the incremental emitter and 
collector voltages and currents may be represented by 

vet tvc 

V5 = + 

V = Le z2, + Lc 222 

J. ig. 10 I general linear transistor. 

the pair of linear equations shown.' The coefficients are 
simply the open-circuit driving point and transfer im-
pedances of the transistor, or the slopes of the appro-
priate static characteristics at fixed dc operating 
currents. These equations may be represented by any 
one of a large number of equivalent circuits of which one 
shown in Fig. 11 is perhaps currently most useful. In 
this circuit re is very nearly the ac forward impedance 

b 

74. = 250 014 MS 

= 250 OHMS 
= 20,000 OHMS 

= 2 

Fig. 11—Equivalent circuit and average element values of the Type 
A transistor. 

of the emitter barrier, re is very nearly the ac reverse im-
pedance of the colk.ctor barrier, rb is the feedback im-
pedance of the bulk germanium common to both, and a 
is the circuit current gain representing-carrier collection 
and multiplication, if all V. It turns out this is very 
nearly equal to the current multiplication factor a of the 
collector barrier mentioned before. Average values of 
these elements for the Type A transistor are given in 
Fig. 11. In Fig. 12 are given the ranges of these param-

ELE MENT RANGE 
SEPTE MBER 1949 

RANGE 

JANUARY 1952 

a 4 : 1 ±20 % 

rc 7: 1 + 30 °A. 

re  3: 1 
+ 20 *4 

rb 
— 

7 : 1  

Fig. 12 —Reproducibility of point-contact linear 
characteristics 
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eters for the Type A, as of September, 1949, and the 
control limits' for the same characteristics for new point-
contact transistors now under development. For Sep-
tember, 1949 the ranges are taken about the average 
values shown in Fig. 11 for the Type A transistor. The 
control limits given for the present situation apply to a 
number of different types of point-contact transistors so 
that the present average values of these equivalent cir-
cuit elements depend upon the type of transistor con-
sidered. In Fig. 13 are given the average values of the 

TYPE M 1729 M 1752 

r E 120 25 

rb 75 250 

rc 15,000 5 x106 

a 2.5 0.95 

Fig. 13—Average characterktics of the MI729 and typical charac-
teristics of the \l 1752 transistors. 

characteristics of the M1729 point-contact video ampli-
fier transistor which bears the closest resemblance to the 
older Type A transistor. By way of contrast are given 
some typical values of the elements for the M1752 junc-
tion transistor which is not yet far enough along in its 
development to have design centers fixed nor reliable 
dispersion figures available. 
As Ryder and Kircher have shown,' transistors in the 

grounded-base connection may be short-circuit unstable 
if a > 1 and rb is too large, since rb appears as a positive 
feedback element. The curve in Fig. 14 is a plot of the 
short-circuit stability contour when re and re have the 

3 

100  200  300 40:, 500 600 700 
ft, IN OHMS 

Fig. 14—Stability contour ard ranges of a and rb. 

nominal values of 700 and 20,000 ohms. Transistors hay-
' ing a and rb sufficiently large to place their representa-
tive points above this contour will be short-circuit 
unstable, i.e., they will oscillate when short-circuited, 
Those having an a —rb point below the stability contour 
will be unconditionally stable under any termination 
conditions. The large unshaded rectangle bounds those 

"Quality control of materials," ASTNT Manual, pt. III, pp. 55-
114; January, 1951. 

values of a and rb which were representative of the Type 
A transistor in September, 1949. It is apparent that the 
circuit user of Type A units had approximately a 50-per 
cent chance of obtaining a short-circuit unstable unit 
from a large family of Type A units. The smaller shaded 
rectangle bounds the values of a and rb now realized in 
the 1\11729 transistor presently under development. Not 
only has the spread in characteristics been greatly re-
duced as shown, but also the design centers have been 
moved to a region for which all members of the M1729 
family are unconditionally stable. 
It is of interest to note that spreads of the order of 

+ 20 to + 25 per cent are of the same magnitude as 
those dispersions now existing among the characteris-
tics of presently available well-controlled electron tubes. 
These kinds of data on reproducibility of the linear 
equivalent circuit element values hold for practically all 
classes of point-contact devices now under development 
for cw transmission service. While it is too early to prove 
that such a situation pertains as well to junction tran-
sistors, there is every reason to expect similar results 
after a suitable development period. 

C. Reproducibility of Large-Signal Characteristics for 
Pulse Application 

When electron devices are employed for large-signal 
applications, particularly those of switching and com-
puting, it is well known that the characteristics must be 
controlled over a very broad range of variables from 
cutoff to saturation. In September, 1949 very little at-
tempt was made to control such pulse-use characteris-
tics. In the intervening time, transistor circuit studies 
have proceeded to the point where it is possible to define 
certain necessary large-scale transistor characteristics 
which, if met, permit such transistors to be used inter-
changeably and reproducibly in a variety of pulse circuit 
functions, such as binary counters, bit registers, regen-
erative pulse amplifiers, pulse-delay amplifiers, gated 
amplifiers, and pulse generators. Moreover, it has been 
possible to meet these requirements on a developmental 
level with good yields in at least three types of point-
contact switching transistors. The scope of this paper 
will not permit a detailed accounting of the technical 
features of this situation, and such an account will be 
forthcoming in future papers on these particular studies. 
However, a brief description of some of the more impor-
tant pulse characteristics and their tolerances is cer-
tainly pertinent. 
In practically all of the transistor pulse-handling cir-

cuits examined to date, one characteristic common to 
all is the ability of the transistor, by virtue of its cur-
rent gain, to present various types of two-state negative-
resistance characteristics at any one or all of its pairs of 
terminals. A typical simple circuit and corresponding 
characteristic is shown in Fig. 15 for the emitter-ground 
terminals when a sufficiently large value of resistance is 
inserted in the base to make the circuit unstable. In re-
gion I where the emitter is negative, the input resistance 
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is essentially the reverse characteristic of the emitter as 
a simple diode. In region II as the emitter goes positive, 
alpha, the current gain rises rapidly above unity. If /?b 
is sufficiently large and alpha, the current gain, is greater 
than unity, the emitter to ground voltage will begin to 
fall because of the larger collector current increments 
driving the voltage of the node N negative more rapidly 
than the emitter current drop through r,, would normally 
carry it. This transition point is called the "peak point." 
If then a(rb+Rb) is sufficiently large, in this sense, the 
input resistance may be negative in this region II. When 
the internal node voltage has fallen to a value near that 

of the collector terminal, the "valley point" has been 
reached. At this point, the emitted hole current has re-
duced the collector impedance to a minimum value be-
yond which a is essentially zero; the transistor is said 
to be saturated. From this point on the input impedance 
again becomes positive and is determined almost en-

<'  V, 

Rb + I 

alf 

REGION I 
(CUT-OFF) 

REGION III 
(SATURATION) 

Fig. 15—Emitter-ground negative-resistance circuit 
and characteristics. 

tirely by the base and emitter impedances. By terminat-
ing the emitter-ground terminals in various ways with 
resistor-capacitor-bias combinations, such a network 
can be made to perform monostable, astable, or bistable 
functions. Under such conditions, the emitter current, 
and correspondingly the collector current, switch back 
and forth between cutoff and saturation values. For ex-
ample, Fig. 16 shows a value of emitter bias and load 
resistance such that there are three possible equilibrium 
values of emitter current and voltage. It may be shown 
that the two intersections in regions I and III are stable 
whereas that in region II is unstable. Hence, if the sta-
ble equilibrium is originally in I, a small positive pulse 
A, applied to the emitter will be enough to switch from 
stable point Ito stable point II and, conversely —A, will 
carry it from the high current point to the low current 
point. The circuit designer is interested in reproducing 

in a given circuit (with different transistors of the same 
type) the following points of the characteristic: 
(a) The off impedance of the emitter—he desires that 

this be greater than a certain minimum. 
(b) The peak point 17,,,--he desires that this be 

smaller than a certain maximum. 
(c) The value of the negative resistance— he desires 

that this be greater than a certain minimum. 
(d) The valley point Ve., L.--he desires that these 

be greater than certain minima. 
(e) The slope in region  he desires that this be 

smaller than a certain maximum so that he may control 
it by external means. 

a o r,“ 

r 

. f 

I 
'f 

L   

( p • ltr p 

fay 

Fig. 16—Bistable circuit and characteristics showing trigger voltage 
requirements. 

It may be shown that these conditions can be satis-
fied for useful circuits by specifying certain maximum 
and minimum boundaries on the static characteristics. 
Fig. 17 is an idealized set of input or emitter character-
istics. By specifying a minimum value for the reverse 

PEG ,ONS U.IQ 

Fig. 17—Idealized emitter characteristics—slope =--R11. 

resistance in region I, condition (a) above is satisfied. 
By specifying a maximum slope in region II, III, con-
dition (e) is satisfied. Now refer to the idealized collector 



family in Fig. 18. By specifying a maximum value to 
Vc3, it is possible to insure condition (d); and by specify-
ing a minimum value for rc„, condition (b) can be satis-

IC= 
-5.5 MA 

Ic=  , CO 
-214,4 

vc 
IC 

./ 3  2 0 

Fig. 18—Idealized collector characteristics. 

Vc, 

Vc.3 

= -35V 

a, 

-0.1 0  0.1 0.2 0.3  0.4 0.5  0.8  0.7  0.8 0.9 
EMITTER CURRENT, I , IN MILLIAMPERES 

Fig. 19—Effective alpha characteristics. 

1.0 1.1 

fled. Finally, in Fig. 19, by demanding that alpha, as a 
function of I,, go through a transition from a negligible 
value (at small negative I.) to a value well in excess of 
unity (at a correspondingly small positive value of I.) 
and maintain its value well in excess of unity at large 
values of I., conditions (b) and (c) can be met. 
Fig. 20 gives the characteristic specifications which 

must be met by the NI1689 bead-type switching transis-
tor now under development. With these kinds of limits, 
circuit users find it possible to interchange such M1689 
units in various pulse circuits and obtain over-all cir-
cuit behavior reproducible to the order of about + 2 db. 

R ELIABILITY STATUS 

A. Life 

Reliability figures of merit are not too well defined for 

electron tubes, and the same situation certainly holds at 
present for transistors. However, insofar as these quan-
tities can be presently defined, Fig. 21 shows a compari-
son between the present status and that in September, 
1949. Estimates of the half-life of a statistical family of 
devices are, at best, arbitrary and necessarily amount to 
extrapolations of survival curves, assuming that a known 
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survival law will continue to hold.' In September, 1949 
life tests on Type A units had been in effect some 4,000 
hours. With the assumption of an exponential survival 
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TEST CONDITIONS MINIMUM MAXIMUM 

rco - OFF COLLECTOR 
DC RESISTANCE 

Vc = - 35 V DC 
1, = OMA DC 

17,500 OHMS 

_ 

—  

Vci - ON COLLECTOR 
VOLTAGE 

Ic = - 2MA DC 
IE = I MA DC 

—  -3V DC 

Vc3- ON COLLECTOR 
VOLTAGE 

ic = - 5.5 MA DC 
Ic = 3MA DC 

—  -4V DC 

OFF EMITTER 
RESISTANCE 

Vc = -10 V DC 50,000 OHMS —  

ON EMITTER 
RESISTANCE RI, 

Vc = -10 V DC 
je = 1MA DC 

—  800 OHMS 

a, 
Vc = - 30 V DC 

Ie = 1.0 MA DC 

1.5  —  

a2 
Vc = - 30 V DC 

05  It = + 0.  MA DC 
2.0 -••—. 

a3 
Vc = - 30V DC 

lc = - 0.1 MA DC 
—  0.3 

R12 - OPEN CIRCUIT 
FEEDBACK RESISTANCE 

Vc = -10 V DC 
If = +1 MA DC 

—  500 OHMS 

R2, - OPEN CIRCUIT 
FORWARD RESISTANCE 

Vc = -10 V DC 
I, = +1 MA DC 15,000 OHMS —  

R 22 - OPEN CIRCUIT 
OUTPUT RESISTANCE 

Vc = -10 V DC 
Ie = +1MA DC 10,000 OHMS —  

Fig. 20—Tentative characteristics for the M1689 
switching transistor. 

law, it was not possible, on the basis of a 4,000-hour test, 
to estimate the slope sufficiently accurately to warrant 
a half-life estimate in excess of 10,000 hours. These same 
Type A units have now run on life test for approxi-
mately 20,000 hours. With the more reliable estimate 
of survival slope now possible, the half-life is now esti-
mated to be somewhat in excess of 70,000 hours. It 
should be emphasized, however, that these are Type A 
units of more than two years ago, made with inferior 
materials and processes. It is believed that those units 
under current development, being made with new ma-
terials and processes, are superior; but, of course, life 

RELIABILITY 
FIGURE OF 
MERIT 

SEPTEMBER 
1949 

JANUARY 
1952 

AVERAGE 
LIFE 

10,000 HOURS > 70,000 HOURS 

EQUIVALENT 
TEMPERATURE 

COEFFICIENT OF fc 
-I%  PER DEG C -1/4 %  PER DEG C 

SHOCK ? > 20,000 G 

VIBRATION 

_ 

? 

20 - 5000 CPS 
NEGLIGIBLE TO 

100 G 

Fig 21—Reliability status. 

7 Estimates of life, of course, depend upon definitions of "death." 
For these experiments, the transistors were operated as Class A am-
plifiers. A transistor is said to have failed when its Class A gain has 
fallen 3 db or more below its starting value. 
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tests are only a few thousand hours old. Although these 
new data are encouraging, it is still too early to extra-
polate the data such a long way. 

B. Temperature Effects 

Transistors like other semiconductor devices are more 
sensitive to temperature variations than electron tubes. 
In terms of the linear equivalent circuit elements, the 
collector impedance, rc, and the current gain, a, are the 
most sensitive. Over the range from —40° to 80° C the 
other elements are relatively much less sensitive. For 
Type A transistors these temperature variations in rc 
and a are shown in Fig. 22. While these curves are defi-
nitely not linear, an average temperature coefficient for 
7., of about —1 per Cent per degree was estimated for the 
purpose of easy tabulation and comparison in Fig. 21. 
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Fig. 22—Collector resistance and a versus temperature 
for Type A transistor. 

Thus, for the early Type A, 7., fell off to about 20 to 
30 per cent of its room-temperature value when the 
temperature was raised to +80° C; at the same time a 
increased from 20 to 30 per cent over the same tempera-
ture range. Today, this variation has been reduced by a 
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Fig. 23 —Collector resistance and a versus temperature 
for Type N11729 transistor. 

factor of about four for r, in most point-contact types, 
the variations in the current gain being relatively un-
changed. Fig. 23 illustrates the temperature dependence 

of rc and a for the M1729 transistor now under develop-
ment. Again, for purposes of easy comparison in Fig. 21, 
the actual dependence of Fig. 23 was approximated by 
a linear variation and only the slope given in Fig. 21. 
For linear applications such as the grounded-base am-
plifier, the Class A power gain is approximately propor-
tional to a2rc; hence, the gain of such an amplifier will 
stay essentially constant within a db or two over the 
temperature range from —40° to +80° C. For pulse 
applications, and of importance to dc biasing with point. 
contact transistors, is the fact that the dc collector cur-
rent (for fixed emitter current and collector voltage) will 
change at about the same rate as does rc, the small signal 
collector impedance. Similar improvements have been 
made in these variations for switching transistors and 
Fig. 24 consists of a series of graphs showing how the 
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Fig. 24—Temperature behavior of the M1689 transistor. 

M1689 bead-type switching transistor changes the pulse 
characteristics defined in Fig. 20 with respect to temper-
ature. For those switching functions examined to date, 
it is believed that these data mean reliable operation to 
as. high as +70° C in most applications and perhaps as 
high as +80° in others. 

In junction transistors the laws of temperature varia-
tion are not so well established, the device being in a 
much earlier stage of development. Preliminary data 
indicate smaller variations in the small signal parame-
ters, such as a and 7.7. On the other hand, variations in 
the dc current, particularly /co, are many times greater, 
of the order of 10 per cent per degree C.' The only 
saving grace here is the fact that le. is normally very 
much less than the actual operating value of I. 
In summary, it may be said that while significant im-

provements have been made in temperature dependence 
to the point where many applications appear feasible, it 
is not to be inferred that the temperature limitation is 
completely overcome. Much more development work of 
device, circuit, and system nature is required to bring 
this aspect of reliable operation to a completely satisfy-
ing solution. 

C. Shock and Vibration 

With regard to mechanical ruggedness, current point-
contact transistors have been shock tested up to 20,000 g. 

8 In, is the collector current at zeru emitter current. 
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with no change in their electrical characteristics. 
Vibration of point-contact and junction transistors over 
the frequency range from 20 to 5,000 cps at accelerations 
of 100 g. produces no detectable modulation of any of 
the transistor electrical characteristics, i.e., such modu-
lation, if it exists, is far below the inherent noise level. At 

1 a few spot frequencies in the audio range, vibration tests 
L up to 1,000-g. accelerations similarly failed to produce 
1 discernible modulation of the transistor characteristics. 

MINIATURIZATION STATUS 

A. Space Requirements 

In smallness of size, the transistor is entering new 
fields previously inaccessible to electron devices. The 
cartridge structure (see Fig. 25), such as the Type A, 
has a volume of 1/50 cubic inch, compared to about 
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Fig. 25—M iniaturization in space and power drain. 

cubic inch for a subminiature tube and about 1 cubic 
inch for a miniature tube. 1 "rider current development, 

the 1\11689 bead point-contact transistor has substan 
tially similar electrical characteristics to the N116989 
cartridge switching unit, but occupies only about 1/2000 
cubic inch. The N11752 junction bead transistor has a 
volume of approximately 1/500 cubic inch, but this may 
he reduced to the same order as the point-contact head, 
if necessary. For further substantial size reductions in 
equipment, the next move must comprise the passive 
components. It should be pointed out that the low volt-

ages, low power drain, and correspondingly lower equip 
ment temperatures should make possible further reduc-
tions in passive component size. 

B. Power Requirements 

The transistor, of course, has the inherent advantage 
of requiring no heater power; moreover, significant ad-
vances have been made in the past two years in reducing 
the collector voltage and power required for practical 
operation. Consider the minimum collector voltage for 
which the small-signal Class A gain is still within 3 to 6 
db of its full value. In September, 1949 the Type A 
transistor could give useful gains at collector voltages 

9 The M1698 transistor is a cartridge-type point-contact transis-
tor with electrical characteristics designed for switching and pulse 
applications. This unit is proving useful in the laboratory develop-
ment of new circuits or in cases where miniature packages are unnec-
essary. 

as low as 30 volts. Today, several point-contact devices 
(M1768 and 1\11734) perform well with collector volt-
ages as low as 2 to 6 volts even for relatively high-fre-
quency operation. One junction transistor, the M1752, 
can deliver useful gains at collector voltages as low as 
0.2 to 1.0 volt. Under these same conditions, the mini-
mum collector power for useful gains may be low as 2-10 
mw for point-contact devices and as low as 10 to 100 
in the case of the junction transistors.'° Class A efficien-
cies have been raised for the point-contact devices to as 
high as 30-35 per cent and for junction transistors this 
may be as high as 49 per cent out of a maximum possible 
50 per cent. Class 13 and C efficiencies are correspond-
ingly close to their theoretical limiting values. 

PERFORMANCE STATUS 

Exact electrical performance specifications for the 
transistor depend, of course, upon the intended appli-
cations and the type of transistor being developed for 
such an application. These types are beginning to be 
specified; and in fact, they are already so numerous that 
mention of only a few salient features of some of them 
will be attempted. Bear in mind, as was pointed out be-
fore, that no one transistor combines all the virtues any 
more than does any one tube type. Fig. 26 attempts to 

PERFORMANCE 
FIGURE OF MERIT 

TYPE A 
SEPTEMBER 

1949 

JANUARY 
1952 

NEW 
DEVELOPMENT TYPE 

a - CURRENT GAIN 5 x 505 JUNCTION 

SINGLE STAGE 
CLASS A 
GAIN 

180E1 
22 DB POINT- m1729, M1768 

45 DB JUNCTION -M1752 

NOISE FIGURE 
AT 1000 CPS 

60 DB 

45 DB POINT- M1768 

10 DEI JuNCTiON - M 1752 

FREQUENCY 
RESPONSE 

cc 

5mC 

7-10mC POINT- MI729 

20-50 MC POINT- M1734 

CLASS A 
POWER OUTPUT 

05 WATT 2 WATTS JUNCTION 

SWITCHING 
CHARACTERISTICS 

NONE GOOD 
POINT - M 1696, m1669 

m1734 

FEEDBACK 
RESISTANCE 

rb 

250 OHMS 70 OHMS POINT- M1729 

LIGHT PHOTOCURRENT 
DARK RATIO 21 201 JUNCTION -M1740 

Fig. 26—Performance progress. 

compare the progress made in several important per-
formance merit figures by development of several point-
contact and junction types during the last two years. 
Again the reference performance is that of the Type A 

as of September, 1949. 
Some switching and transmission applications need 

transistors having high current gain. By going to a point-

" In some special cases, depending upon the application, practical 
operation may be obtained for as little as 0.1 to 1.0 Aiw. 
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junction structure, useful values of alpha as high as 50 
are now possible with laboratory models. 
For straight transmission applications, the single-

stage gain of point-contact types (M1768, M1729) has 
been increased to 20-24 db, whereas for the M1752 junc-
tion type the single-stage gain may be as high as 45-50 
db. 

For high-sensitivity low-noise applications, the point-
contact devices have been improved to have noise fig-
ures of only about 40-45 db, whereas the M1752 n-p-n 
transistor has been shown to have noise figures in the 
10- to 20-db range. All such noise figures are specified at 
1,000 cps, and it should be remembered that they vary 
inversely with frequency at the rate of about 11 db per 
decade change in frequency. 
For video, IF, and high-speed switching applications, 

measurable improvement has been attained in the fre-
quency response. For video amplifiers up to about 7 mc, 
the NI 1729 point-contact transistor is capable of about 
18-20 db gain per stage. For high-frequency oscillators 
and microsecond pulse switching, the M1734 point-con-
tact transistor is under development. Preliminary mod-
els of 24 mc IF amplifiers using the M1734 have been 
constructed in the laboratory, these amplifiers having a 
gain of some 18-24 db per stage and a bandwidth of sev-
eral megacycles. However, more work needs to be done 
on the M1734 to reduce its feedback resistance. For 
pulse-handling functions, such M1734 units work very 
nicel7, as pulse generators and amplifiers of 4-µsec pulses, 
requiring only 6-8 volts of collector voltage and 12-20 
mw of collector power per stage. The amplified pulses 
can have amplitudes as large as 4-5 volts out of a total 
collector voltage of 6 volts and rise times as little as 
0.01-0.02 µsec. 
By increasing the thermal dissipation limits of junc-

tion transistors, the Class A power output has been 
raised to 2 watts in laboratory models. This, however, 
does not represent an intrinsic upper limit but rather a 
design objective for a particular application. 
Characteristics suitable for switching are now availa-

ble in the M1698, M1689, and M1734 point-contact 
types, as previously described; but this is a continually 
evolving process and more work certainly remains to be 
done. At present, it is possible to operate telephone re-
lays requiring as much as 50 to 100 ma with M1689 and 
M1698 point-contact transistors. 
New junction-type phototransistors" represent a 

marked advance over the earlier point-contact type. 12 
While their quantum efficiencies are not as high as those 
of the point-contact types, nevertheless the light/dark 
current ratios are greatly improved and the collector 
impedance has been raised 10-100 times, thus making 
possible much greater output voltages for the same light 
flux. 

" W. J. Pietenpol, "P-N junction rectifier and photocell," Phys. 
Rev., vol. 82, no. I, pp. 121-122; April 1,1951. 

12 J. N. Shive, "The phototransistor," Bell Lab. Rec., vol. 28, no. 
8,rpp. 337-342; 1950. 

SOME SELECTED APPLICATIONS 

A. Data Transmission Packages 

To determine the feasibility of applying transistors in 
the form of miniature packaged circuit functions, sev-
eral of the major system functions of a pulse-code-data 
transmission system have been studied. This investiga-
tion has been undertaken under the auspices of a joint-
services engineering contract administered by the Signal 
Corps. 
It was desired that these studies should lead to the 

feasibility development of unitized functional packages 
combining features of miniaturization, reliability, and 
lower power drain. Accordingly, it was necessary to 
carry on in an integrated fashion activities in the fields 
of system, circuit, and device development to achieve 
these ends. In particular, circuit and system means have 
been developed to perform with transistors the functions 
of encoding, translation, counting, registering, and serial 
addition. The M1728 junction diode, M1740 junction 
photocell, and M1689 bead switching transistor are di-
rect outgrowths of this program, and are the devices 
used in the circuit packages. 
At this point, the major system functions listed below 

have been achieved with interchangeable transistors: 

1. 4-digit reversible binary counter. 
2. 6-digit angular position encoder. 
3. 6-digit gray-binary translator. 
4. 5-digit shift register. 
5. 2-word serial adder. 

DEVELOPMENT 
PACKAGE 
TYPE 

PAC K AGE FUNCTION 
DEVELOPMENT 

TRANSISTOR, DIODE 
TYPES USED 

. M 1731-1 I REGENERATIVE  GATE 
M 1689 
M 1727 

M 1732-I 
M 1689 

M 1736  BIT  REGISTER M 1727 
M 1790 

M 1734 

M 1733-1 
M 1792 • PULSE AMPLIFIER M 1689 

M 1735-1 
M 1747-1 
A.1 1748-1 
M 1751-1 DIODE GATE M 1727 

M 1751-2 400A 

M 1751-3 

M 1745-1 -. 

Al 1791 BINARY COUNTER M1689 
400A 

M 1749-1 
PHOTOCELL READOUT M 1740 
_ 

f 
M 1746-1 I 

DELAY AMPLIFIER ! M 1689 

Fig. 27—Development transistor—circuit packages. 

These major system functions are, in turn, built of some 
seven types of smaller functional packages listed in Fig. 
27. The end result of this exploratory development can 
be said to have demonstrated the feasibility of such a 
data transmission system in the sense that a workable 
(though not yet optimal) system can be synthesized 
from reproducible transistor-circuit packages which 
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Fig. 28—Bit register package. 

have been produced at reasonable yields and with rea-
sonable (though not yet complete) service reliability. 
Further development work would be needed in all 
phases to make such a system of packages suitable for 
field use. It is estimated that the present laboratory 
model requires about one-tenth the space and power re-
quired to do the same job with present tube art. Fig. 2& 
is a photograph of a transistor bit-register package and 

Fig. 29 —Package construction illustrated. 

Fig. 29 is another photograph of such packages showing 
both sides of the various types employed." Actual final 
packages world probably not use such clear plastics, and 
Fig. 30 shows some packages in which the plastic has 
been loaded with silica to increase its strength and ther-
mal conductivity. The assembly in Fig. 30 consists of a 
six-digit position encoder at the left, followed by six 
regenerative pulse amplifiers which in turn feed a six-
digit combined translator-shift register. 

" The Auto-Assembly Process used in the construction of these 
packages is a Signal Corps Development. 

Fig. 3 — Laboratory model of encoder-transistor-register using transistor packages. 
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B. N-P-N Transistor Audio Amplifier and Oscillator" 

To the right in Fig. 31 is shown a transformer-coupled 
audio amplifier employing two M1752 junction transis-
tors. This amplifier has a pass band from 100-20,000 cps 
and a power gain of approximately 90 db. Its gain is 
relatively independent of collector voltage from 1-20 
volts, only the available undistorted power output in-
creasing as the voltage is increased. At a collector 
voltage of 1.5 volts it draws a collector current of ap-
proximately 0.5 ma per unit for a total power drain of 
1.5 mw. Under these conditions it will deliver Class A 
power output of about 0.7 mw. The noise figure of such 
an amplifier has been measured to be in the range from 
10-15 clb at 1,000 cps, depending upon the operating 
biases. 

Fig. 31 —Packaged oscillator and amplifier using junction 
transistors. 

To the left of Fig. 31 is shown a small transistor audio 
oscillator having a single M1752 transistor, a trans-
former, and one condenser. To see just how little power 
was the minimum necessary to produce stable oscilla-
tions such an oscillator was tried at increasingly lower 
collector supply voltages. It was found that stable oscil-
lations could be maintained down to collector supply 
voltages as low as 55 my and collector current as low as 
1.5 Am for a total drain of 0.09 Aw. 

CONCLUSION 

With respect to reproducibility and interchangeabil-
ity, transistors now under development appear to be the 
equal of commercial vacuum tubes. 
With regard to reliability, transistors apparently have 

longer life and greater mechanical ruggedness to with-
stand shock and vibration than most vacuum tubes. 
With regard to temperature effects, transistors are in-
ferior to tubes and present upper limits of operation are 
70-80° C for most applications. This restriction is often 
reduced in importance by the lower power consumption 
which results in low equipment self-heating. This, how-
ever, is the outstanding reliability defect of transistors. 
With regard to miniaturization, the comparison fig-

14 The material of this section represents a summary of some work 
by Wallace and Pietenpol, described more completely in footnote ref-
erence 4. 

ures are so great as to speak for themselves. Operation 
with a few milliwatts is always feasible and, in some I 
cases, operation at a few microwatts is also possible. 
With regard to performance range, it is believed that 

the above results imply the following tentative conclu-
sions: 
In pulse systems (up to 1-2-mc repetition rates) tran-

sistors should be considered seriously in comparison to 
tubes, since they provide essentially equal functional 
performance and have marked superiority in miniature 
space and power. Bear in mind that in some reliability 
figures they are superior whereas in the matter of tem-
perature dependence they are inferior to tubes. 
In cw transmission at low frequencies ( <1 mc) essen-

tially the same conclusions are indicated, primarily be-
cause of junction transistors. In the range from 1-100 
mc, tubes are currently superior in every functional per-
formance figure (except perhaps noise and bandwidth) 
so that for transistors to be considered for such ap-
plications, much greater premium must be placed on 
miniaturization and reliability than for the first two 
applications areas. 
Thus, it might be assumed that, even though there - 

are many outstanding development problems of a cir-
cuit and device nature to be solved, it is appropriate for • • 
circuit engineers to explore seriously the application 
possibilities of transistors—not only in the hope of build-
ing better systems but also to influence transistor de-
velopment towards those most important systems for 
which their intrinsic potentialities best fit them. It 
should not be inferred that all important limitations 
have been eliminated--nor, on the other hand, that the 
full range of performance possibilities have been ex-
plored. 

. If one remembers the history of engineering research 
and development in older related fields, it seems appar-
ent that a relatively short time has elapsed since the 
invention of the first point-contact transistor. Already, 
new properties and new types of devices are under study 
and some have been achieved in the laboratory. It there-
fore is possible, and certainly stimulating, to infer that 
more than a single new component is involved; that 
much more lies ahead than in the past; that, indeed we 
may be entering a new field of technology, i.e., "transis-
tor electronics." 
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Properties of Silicon and Germanium* 
ESTHER M . 

Summary—This article provides the latest experimental in-
formation on those fundamental properties of germanium and silicon 
which are of device interest, currently or potentially. Electrical 
properties, especially carrier density and mobility, have been treated 
in greatest detail. Descriptive material has been provided to the 

extent necessary to give physical background. 

INTRODUCTION 

N THIS ARTICLE it is proposed to present the / 
latest available information on the properties of 
germanium and silicon and, in particular, the best 

experimental values for important physical quantities. 
It need scarcely be mentioned that in a field which is 
developing as rapidly as this some of the information 
will be obsolete shortly. The general state of develop-
ment is such, however, that major changes are not an-

ticipated. 
It is assumed that the reader is familiar with the ele-

ments of the band description of semiconductors to the 
extent that these are covered in the article by Shockley 
in this issue' or in chapter I of "Electrons and Holes in 
Semiconductors." For most purposes in this article 
electrons in the conduction band can be thought of as 
negatively charged particles moving with random ther-
mal energy through the crystal, differing only from a 
free electron gas in that the free electron mass is re-
placed by the appropriate effective mass. Similarly, 
holes in the valence band can be thought of as free 
positively charged particles with a different effective 
mass. In each case the effective mass is the same order 

of magnitude as the free electron mass. 
Electrical properties have been taken up first. Since 

conductivity depends on the density of current carriers 
and their mobility, both of which are more fundamental, 

• sections on these precede the section on conductivity. 
• Magnetic, optical, thermal, and mechanical properties 
I have been presented in much less detail than the others 
because they are currently of less device interest. As is 

i necessary to supplement this type of survey, extensive 
1 references have been given. No attempt has been made, 
I however, to provide a complete bibliography. 

DENSITY OF CURRENT CARRIERS 

CONWELLt 

the lattice, and lattice defects of some types. Of primary 
importance in determining the number of carriers that 
each source supplies under a given set of external condi-
tions is its ionization energy, i.e., the energy required to 
liberate a bound electron or hole. This will now be 
considered for each of the three in the order stated. 
To raise an electron from the valence band to the 

conduction band, creating a hole-electron pair, requires 
energy equal to the energy gap between these bands. 
Since the electron energy levels depend on the spacing 
between atoms, the energy gap would be expected to 
depend somewhat on temperature and pressure. The 
energy gap has been found to depend linearly on tem-

perature according to 

€0(T) = ea(0) — ST, 

A pure, perfect crystal of germanium or silicon at the 
absolute zero of temperature would have no electrons 
in the conduction band and no holes in the valence band. 
The current carriers present at higher temperatures 
originate in the valence band, chemical impurities in 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 19, 1952. 
t Bell Telephone Laboratories, Inc., Murray Hill, N. J. On leave 

from Brooklyn College, Brooklyn, N. Y. 
W. Shockley, "Transistor electronics: imperfections, unipolar 

and analog transistors," PRoc. I.R.E., vol. 40, pp. 1289-1314; this 
issue. 

2 W. Shockley, "Electrons and Holes in Semiconductors," D. 
Van Nostrand Co., Inc., New York, N. Y.; 1950. 

(1) 

where ea(T) represents the value of the energy gap at 
the absolute temperature T and [3 is a constant. The 
values of these quantities found empirically are listed 

in Table I. 
TABLE I 

SOURCE OF CARRIERS 

IONIZATION ENERGY IN ELECTRON VOLTS 

GERMANIUM  SILICON 

Valence band 

B, Al, Ga, In 
(Low concentration) 

P, As, Sb 
(Low concentration) 

Zn 
(Low concentration) 

Thermal acceptors 
(Cu) 

0.75-.0001V 

0.01-4 

001+6 

0.037 

0.036 

I.12-.0003T6 

0.085 

0.056 

J. Bardeen and W. Shockley. op. cit. Note, however, that optical experiments 
given .(0) =0.72 ev. See footnotes for discussion of the precision of the temperature 
coefficients for germanium and silicon. 
& G. L. Pearson and J. Bardeen. loc. cit. 
$ P. P. Debye. private communication. Bell Telephone Laboratories. Inc.. 

the slope of log. nr-sh versus 1/T, and are therefore only approximately equal to 
the ionization energy. For a discussion of this point, see W. Shockley. op. cit., p. 471. 
The quoted values are. however. Boltzmann's constant times. 

7 W. C. Dunlap. Jr.. 'Zinc as an acceptor in germanium." Ph vs. Rev.. vol. 85, p. 
1945; 195a. Also. P. P. Deby. private communication. Bell Telephone Laboratories 
Inc.. Murray Hill. N. J. Again this value is approximate for the reasons discussed in 
footnote reference 14. 

* W. DeSorbo and W. C. Dunlap, Jr.. 'Resistivity of heat-treated germanium 
between 119C and 2981C,' Phys. Rev.. vol. 83. pp. 869. 879; 1951. 

In both silicon and germanium the energy gap in-
creases when pressure is applied. The temperature de-
pendence of the energy gap can be used to compute its 
pressure dependence if the assumption is made that the 
change of energy gap with temperature is due entirely 
to thermal expansion.° The changes in energy gap per 
unit dilation computed from the values of 0 given in 
Table I are 3 X10' and 5 ev per unit dilation for silicon 

3 The stated values of ff, however, are in considerable doubt be-
cause they involve the assumption that the effective mass of an elec-
tron or hole is equal to the free electron mass. This can be only ap-
proximately true. See formula (2) and associated text and footnote. 

See, however, footnote reference 20(a) in J. Bardeen and W. 
Shockley, "Deformation potentials and mobilities in nonpolar 
crystals," Phys. Rev., vol. 80, pp. 72-80; 1950. 

1. 
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and germanium, respectively. Approximately the latter 
value has been obtained for germanium by a number of 
experiments of other types as well.'° 
Chemical impurities in the lattice may act as donors 

or acceptors. Those which have been studied extensively 
are elements in column III of the periodic chart, which 
act as acceptors, e.g., boron, aluminum, gallium, and 
indium, and elements in column V, which act as donors, 
e.g., arsenic, phosphorus, and antimony. Since the 
electron or hole is bound loosely in a large hydrogen-like 
orbit, it is expected that the ionization energy should be 
about the same for all these elements, and this is in 
fact found. This ionization energy decreases with in-
creasing impurity concentration, vanishing for concen-
trations of about 1D" or 10"/cm3. The values stated in 
Table I are for small impurity concentration, up to 
about 10'5/cm 3 perhaps." Zinc, which has also been 
studied, acts as an acceptor with considerably greater 
ionization energy than the elements of columns III and 
V. This value is also listed in Table I. 

It has been found that acceptors can be introduced 
in germanium by means of heat treatment at tempera-
tures above about 600°C." Equilibrium concentration 
of acceptors introduced for a given temperature of heat 
treatment increases exponentially with the temperature 
over a considerable range. With this process it is possi-
ble to convert n-type germanium into p-type provided 
the initial n-type resistivity is not too low. Prolonged 
heating at 500°C is found to reverse this conversion. 
The process is also characterized by diffusion of the 
acceptors from the surface into the interior at a rate 
which is large for diffusion in solids." The ionization 
energy for these thermal acceptors has been measured 
and is listed in Table I. There has been considerable 
speculation about the nature of these acceptors. The 
effects described might, in principle, arise from the 
introduction by the heat treatment of either lattice de-
fects" or chemical impurities. It has recently been estab-
lished, however, that copper is one important agent, if 
not the sole agent, responsible for these phenomena. In 
one set of experiments it was found that germanium 
which was heat treated for several hours in a hydrogen 
atmosphere and in a system free from contaminants was 
not converted, whereas it was if copper were added.'5 

" For a discussion of, see J. Bardeen and W. Shockley, op.cit. 
11 For a study of the variation with impurity content in silicon, 

see G. L. Pearson and J. Bardeen, "Electrical properties of pure 
silicon and silicon alloys containing boron and phosphorus," Phys. 
Rev., vol. 75, pp. 865-883; 1949. 

12 J. H. Scaff and H. C. Theuerer, "Effect of heat treatment on the 
electrical properties of germanium," Jour. Met., vol. 191, pp. 59-63; 
1951. 

13 C. S. Fuller, H. C. Theuerer, and W. van Roosbroeck, "Proper-
ties of thermally produced acceptors in germanium," Phys. Rev., 
vol. 85, pp. 678-679; 1952. 

" Evidence that disorder. in the lattice produces acceptors and 
donors is provided by experiments in which germanium and silicon 
are bombarded by high-speed atomic particles. See the chapter 
entitled "Nucleon Bombarded Semiconductors," by K. Lark-
Horovitz in "Semiconducting Materials," Butterworth's Scientific 
Publications Ltd., London; 19 51. 

" W. P. Slichter and E. D. Kolb, "Impurity effects in the ther-
mal conversion of germanium." Phys. Rev., vol. 87, pp. 527-528; 
August 1,1952. 

Furthermore, experiments with radioactive copper indi-
cate that the diffusion rate and equilibrium concentra-
tion of copper in germanium are, within experimental 
error, the same as those measured for the thermal ac-
ceptors." It has also been shown that copper acts as an 
acceptor in the germanium lattice. 
The energy required to ionize a donor or acceptor can 

be supplied in a number of ways, the most usual being 
heat and light. Strong electric fields can also create hole-
electron pairs. This is called the "Zener effect" and will 
be discussed later under that heading. The effect of 
light will be considered in the section on optical proper-
ties. The remainder of this section will be devoted to 
considering the variation of carrier density with tem-
perature. 
Theory indicates that for a specimen in thermal equi-

librium the product of the electron concentration, de-
noted by n, and the hole concentration, denoted by p, 
is a function of temperature only, given by 

np — 2.33 X 103'  m„m)312 m2 T3e-eolkT, (2) 

where ni„ and m, denote the effective masses of elec-
trons and holes, respectively, in is the free electron mass, 
and k is Boltzmann's constant. The values found em-
pirically are listed in Table II. When the number of 
carriers donated by impurities or lattice defects is small 
compared to the number from the valence band of the 
semiconductor, the conduction is called "intrinsic." In 
that case, 

n p = n, intrinsic conduction. (3) 

This enables the use of (2) or, speaking practically, of 
the empirical formulas of Table II" to compute the 
density of electrons or holes in intrinsic material at any 
temperature. The results are 

n; = 9. 7 >< 1015 T312e-4360IT Ge, 

= 2.8 X HP6 T312 e-4 "°IT Si. 

The values of ti for 300°K are listed in Table II. In 
Fig. 1 ni is plotted as a function of temperature. In the 
temperature range where the conduction is not intrin-
sic, (2) still holds for a specimen in thermal equilibrium, 
but the densities of electrons and holes, respectively, 
depend on the concentrations of donors and acceptors 
and the ionization energy in a relatively complicated 
fashion. There are two practical procedures for deter-
mining n and p for a given extrinsic sample at a given 
temperature. One way involves measuring the re-
sistivity. This is related to np and the mobilities of elec-
trons and holes according to formula (8). (See section 
on conductivity.) The mobilities can be computed as 

(4) 

16 C. S. Fuller and J. D. Struthers, "Copper as an acceptor ele-
ment in germanium," Phys. Rev., vol. 87, pp. 526-527; August 1, 1952. 

17 Since the effective masses are not known (with one exception) 
but are probably not very different from the free electron mass, it is 
customary to set the factor in (2) involving the masses equal to 1. 
The empirical value of np is then compared with (2) to obtain the 
values of ft and EG (0) listed in Table I. 
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QUANTITY 

VALUE 

GERMANIUM SILICON 

Electron density X hole density 
Density of camers in intrinsic material at 300°K 
Intrinsic resistivity at 300°K 

9.3 X1031Pe-87 °°iT per cm° is 
2.5 X 10"/cm' 
47 ohm cm 

7. 8 X 1032T3e—n.aowr per cm' 
6.8 X 10'°/cm3 
63,600 ohm cm 

it W. van Roosbroeck, private communication. Bell Telephone Laboratories. Inc., Murray Hill. N. J. 

described in the next section. With numerical values 
for p, e, tin, and  inserted in (8) it provides a relation-
ship between n and p which can be used in conjunction 
with the empirical formula for np in Table II to deter-
mine these quantities. A second and more direct pro-
cedure to determine them is by measuring the Hall 
effect." 

• 

Fig. 1—Density of charge carriers versus the reciprocal of absolute 
temperature for a set of arsenic-doped germanium samples. The 
data were taken by Debye at Bell Laboratories. The num-
bers identify particular samples. The dashed line represents the 
density of intrinsic carriers. 

Since the variation of carrier concentration with tem-
perature for an extrinsic sample i§ not given here ex-
plicitly, it is useful to illustrate this for some particular 
cases. For this purpose there are shown in Fig. 1 experi-
mental data for a set of n-type germanium samples with 
increasing amounts of arsenic (donor) impurity. These 
have been chosen to represent all parts of the resistivity 
range. Sample 55 is very pure, with a room-temperature 
resistivity of about 40 ohms cm, while sample 58 at the 
other end of the resistivity spectrum is 0.005 ohm cm. 
(Mobility and conductivity are plotted for these same 

1' See W. Shockley, op. cit., p. 204. 

samples in Figs. 4 and 6, respectively.) Sample 58 has 
essentially the same number of carriers at all tempera-
tures, or zero ionization energy. For all others, carrier 
concentration is relatively small at low temperatures, 
but increases rapidly with temperature because of the 
small ionization energy of the donors. For the pure and 
moderately impure ones, essentially all the electrons 
are freed from the donors somewhat below room tem-
perature. The density then remains constant with in-
creasing temperature" until temperatures are reached 
so that a substantial number of electrons in the valence 
band receive sufficient energy for the valence bonds to 
be broken, i.e., until the sample starts to become in-
trinsic. At temperatures higher than this the number of 
carriers is just the intrinsic number and is given by the 
dashed line. 
For germanium doped with a column III impurity, i.e., 

p-type, the variation of carrier concentration with tem-
perature would be very much the same. In the case of 
silicon the curves would be of this general type, but 
because of the higher ionization energy not all the elec-
trons or holes would be free at room temperature. Also, 
because of the larger energy gap silicon would not be-
come intrinsic until higher temperatures. 

M OBILITY 

Low Field Case 

In the absence of an electric field, electrons and holes 
move in the crystal with random thermal energy. Their 
speeds will be distributed according to a Maxwell-Boltz-
mann distribution, with the average speed therefore 
proportional to VT. Application of an electric field ac-
celerates electrons and holes. The low field case is defined 
as that in which the applied field is small enough so 
that the energy gain from the field is small compared 
to thermal energy and the Maxwell-Boltzmann distri-
bution is not significantly disturbed by the field. 
Acceleration of current carriers by the field results in 

the development of a net drift velocity in the direction 
of the force. The drift velocity, vd, developed per unit of 
electric field intensity, E, is called the "mobility," i.e., 

tki = µE.  (5) 

Since each time an electron or hole undergoes a collision 
its acceleration by the field is interrupted more or less 

2* The small dip seen shortly before the intrinsic line in some of 
these samples, for example 64, does not indicate a decrease in the 
number of carriers. What is plotted in Fig. 1 is essentially the recipro-
cal of the Hall coefficient, which is related to the number of carriers 
by a proportionality factor which decreases slightly in this range. 
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effectively, the frequency and nature of the collisions 
determine the mobility. The collisions which are most 
important in semiconductors are those with thermal 
vibrations of the lattice and with ionized donors or ac-
ceptors. It is useful to speak of the lattice mobility, 
AL, and the impurity mobility, tir, defined as the respec-
tive mobilities a charge would develop if one collision 
or scattering process alone were operative. 
For lattice scattering it can be shown that at a given 

temperature the average distance between collisions is 
the same for all particles regardless of speed." Faster 
particles will therefore make more collisions per second, 
with the result that the mobility will decrease if the 
average speed of the particles increases. Increasing the 
temperature decreases the mobility for two reasons: 
First, the mean speed increases and, second, the average 
distance between collisions decreases because the lattice 
vibrations grow more vigorous. The theoretically pre-
dicted and experimentally verified result is essentially 
a T-312  dependence of the lattice mobility." The mobil-
ity measured at room temperature for samples with 
resistivity greater than a few ohm cm is the lattice 
mobility since impurity scattering is negligible in this 
case. Experimental values are listed in Table III. Corn-

TABLE III 

MOBILITIES IN CM2/VOLT SEC AT 300°K 

CARRIER GERMANIUM  SILICON 

Electron 
Hole 

3,600 4-18023 
1,700 + 9023 

1,200+12024 
250 + 50" 

23 J. R. Haynes and W. Shockley. 'Mobility and life of injected holes and elec-
trons in germanium." Phys. Rev.. vol. 81, pp. 835-843; 1951. 
2, J. R. Haynes and W. C. Westphal, "Drift mobility of electrons in silicon," 

Phys. Rev.. vol. 85, p. 680; 1952. 

bining these data and the temperature dependence 
mentioned above results in the empirical formulas for 
lattice mobility as a function of temperature which are 
shown in Table IV. 

TABLE IV 

LATTICE MOBILITIES IN CM2/VOLT SEC 

CARRIER GERMANIUM SILICON 

Electron 19 X 106T-3/2  6.2 X 106T-s/2 
Hole 8.9 X 106T-"2  1.3 X 102T-3/2 

Scattering by ionized donors or acceptors is coulomb 
scattering, which is "less effective as the average speed 
of the carriers increases and thus as the temperature in 
creases. The impurity mobility calculated theoretically 
for the case of scattering by ionized impurities is" 

— 
8V2K2(kT)312  

7 

e2N/ 1/3  

3/2/Vie 3mefi l /2 In Ii  3 der 2 

, (6) 

" See, for example, W. Shockley, op. cit. 
22 Experimental data of Fig. 5 show small deviation from this. 
26 E. M. Conwell and V. F Weisskopf, "Theory of impurity scatter-

ing in semiconductors," Phys. Rev., vol. 77, pp. 388-390; 1950. 

where K is the dielectric constant, NI is the total density 
of ionized impurities, e is the charge on the electron, 
and meff the effective mass of the electron or hole. A 
thorough experimental test of this formula has not as 
yet been possible. There is evidence over a considerable 
range of temperatures and impurity densities that it is 
of the right order of magnitude. It has recently been 
found that (6) gives correctly the variation of mobility 
with resistivity observed for electrons in germanium at 
room temperature, provided the effective mass of an 
electron is taken as one-quarter the free electron mass." 
Since there is other evidence for this effective mass for 
electrons in germanium, this seems to provide a satis-
factory verification of the formula at room temperature 
for this case. For holes the situation may be much more 
complicated." Approximations made in the derivation 
of (6) are such that it cannot be expected to be valid at 
very low temperatures or very high impurity densities. 
With the values of the dielectric constants taken as 

16 for germanium and 12 for silicon," (6) can be written 

m  )1/2 
1/ 1 = 8.5 X 1017 (-- 

',left 

T3/2 

/1"/ In (1+&3x108 
T2 ) 

( )7/  T312  
—4.7 X 1017 

ineff 

NI In (1+-!.5X108   

Ge 

(7) 

These mobilities are plotted as a function of tempera-
ture for several different impurity concentrations in 
Fig. 2. For this plot, (Pn hneff) 112  has been set equal to 1. 
This plot can be used to obtain Air, or at least an ap-
proximate value thereof, at any temperature provided 
NI is known. If the density of carriers is known, it is 
usually a good approximation to take AT, equal to this 
density." For plectrons in germanium a more accurate 
result will be obtained by multiplying pi shown in the 
graphs by 2, since for these maff"-:•2m/4.For convenience, 
there are also plotted in Fig. 2 the empirical lattice mo-
bilities of Table IV. 

To obtain the mobility, µ, from AL and j, the ap-
proximation of taking the reciprocal of the sum of the 
separate reciprocals is generally used. This frequently 
provides a very poor approximation, however. An exact 
calculation can be carried out very simply with the use 

28 P. P. Debye and E. M. Co well, "Mobility of electrons in 
germanium," to be published in Phys. Rev. 

22 It seems likely that the edge of the valmce band is degenerate 
with consequent complications. 

28 H. B. Briggs, "Optical effects in bulk silicon and germanium," 
Phys. Rev., vol. 77, p. 287; 1950. 

22 To see that this is not exactly true, consider an n-type sample. 
Such a sample, apart from a density ND of donors, will always have 
some density of acceptors, NA, where, of course, NA< No. These ac-
ceptors will trap electrons which would otherwise go into the conduc-
tion band. They will therefore be ionized and scatter electrons at all 
temperatures. If ND, is the density of ionized donors, NI= No‘-f-NAt 
while n= Noi — NA. 
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Fig. 2 Impurity and lattice (thermal) scattering versus temperature. 
The impurity scattering is taken from the theoretical formulas 
(7, with ni/n4ff set equal to I. To use for electrons in germanium, 
therefore, multiply pi by 2. The thermal scattering values are 
semiempirical, taken from Table IV. 

of Fig. 3, which is a graph of the correct relationship 
between ti/AL and ALIAr. Given the value of ALIA', the 
value of  can be obtained from the graph, and from 

this the desired value of AL 
Calculation of the mobility for any sample can be 

100 

10 

001 

0 0010  0) 02 0.3 0.4 as 06 07 08 MOBILITY  LATTICE MOBILITY CAL) 
Fig. 3--Plot of the theoretical value of AghiL versus At ha/. 

09 1.0 

carried out as follows: For a relatively pure sample (re-
sistivity greater than a few ohm cm) the mobility is 
essentially pr,, and given by Table IV. For a less pure 
sample, knowledge of the resistivity enables at least an 
approximate calculation. Consider an n-type sample for 
definiteness. Provided that the approximation Nr=n 
can be used, there is a unique relationship between re-
sistivity and mobility at a given temperature, which can 
be calculated theoretically. If a value of Nr is assumed, 
ur and then ti can be calculated as previously described. 
For an n-type sample 11p=nep„ (see formula (8)), 
where e is the charge on the electron. Since N, =n, p can 
then be computed. A set of such calculations for differ-
ent values of n gives for n-type germanium at room tem-
perature the curve shown in Fig. 4. In these calculations 
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RESISTIVITY IN OHM-CM 0.0067 0.029 0.20 1.80 17.5 

10'7 1016 1015 10 1013 CONDUCTION ELECTRON5/CM3 
Fig. 4—Mobility versus carrier density and resistivity 

for n-type germanium at 300°K. 

nuff was taken equal to m/4. The lower scale shows Nr. 
This variation of mobility with resistivity has been ex-
perimentally verified. Below about 1 ohm cm impurity 
scattering cuts jz down significantly. This graph will 
enable immediate determination of the room-tempera-
ture mobility and Nr from the room-temperature re-
sistivity. This value of Nr can then be used to compute 
pi at other temperatures. Similar graphs can be made for 
p-type germanium and silicon, with less probable ac-
curacy, however, since the effective mass is not known. 
We shall consider now, in the light of the previously 

discussed theory, some typical experimental data on 
mobility. In Fig. 5 the mobility is plotted on a log-log 
scale as a function of temperature for the same samples 
whose concentration data appears in Fig. 1." A line 
representing a —3/2 slope, characteristic of the lattice 

s° What is plotted is actually Hall mobility, which is the mobility 
multiplied by a factor which varies from 1.18 for very pure samples 
to 1.93 for very impure ones. 
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mobility, is drawn for comparison. For the purest sam-
ple, 55, lattice scattering is dominant to the lowest 
temperatures at which measurements were made al-
though impurity scattering affects the mobility below 

10  20  30  40  SO 60  60  100 
TEMPERATURE olv DEGREES I, 

200 300 

Fig. 5—Mobility versus temperature fur the same set of arsenic-
doped germanium samples. The data were taken by Debye at 
Bell Laboratories. The dashed line represents a —3/2 slope 
characteristic of lattice scattering. 

about 70°K. As the impurity content of the samples in-
creases, the mobility is decreased over the entire range 
and the departure from the T-3/2 variation takes place 
at higher and higher temperatures. In the most impure 
samples the impurity content is sufficiently high to cause 
the mobility to start decreasing with temperature, which 
is characteristic of impurity scattering alone. 

High Field Case 

In the previously discussed low field case the carriers 
are able, in collisions with the lattice vibrations, to dis-
sipate the power fed in by the field without their 
average speed being significantly changed from the ther-
mal value. For this range of fields the mobility is inde-
pendent of the field, as was discussed previously. When 
the electric field gets high enough, however, the average 
electron speed is increased, and the more so the higher 
the field. An increase of average speed in a sample in 
which lattice scattering is dominant (such as a fairly 
pure sample at room temperature) will, as discussed in 
the preceding section, lead to a decrease in mobility. In 
such samples, then, it is expected that beyond the range 
of constant mobility the mobility will decrease with 
increasing fields. This is found experimentally, as shown 
in Fig. 6. In this figure there are plotted data for two 
n-type germanium samples, the 298° curve taken for a 
3 ohm cm (at low fields) sample, the other two curves 
for a sample which was 9 ohm cm at room temperature. 
The impurity concentration was small enough in both 
these cases so that lattice scattering was more important 

than impurity scattering at 77°K as well as 298°K. 
Beyond the region of constant mobility the mobility de-
creases as 1/ 0T, and at even higher fields, as I/E." The 
latter dependence can be observed at 77°K at higher 
fields than those obtained in this particular experiment. 
In general, the departure from constant mobility occurs 
at lower fields as I he temperature decreaSCS. T his is ex-
pected theoretically because collisions grow less fre-
quent as the temperature goes down, and the rate at 
which the field supplies energy to the current carriers is 
higher. 
At 20°K in the second sample shown in Fig. 6 impur-

ity scattering was dominant. In this case increase of the 
average speed of it particle greatly decreases its deflec-
tion as it goes by an impurity ion, increasing its mobil-
ity. Beyond the region of constant mobility, therefore, 
the mobility at first rises with field. As a result of this 
increase in speed the impurity ions become relatively 
ineffective as scatterers, and collisions with the lattice 
vibrations become operative in determining the mobil-
ity. It is expected, then, that after this rise the I/E 
variation characteristic of the lattice vibrations takes 
over, and this is also seen in Fig. 6. 

e  9 , • 

TS  C.J. 

2 

Fig. 6—Mobility versus electric field intensity. The data were 
taken by Ryder at Bell Laboratories. 

These data are typical for fairly pure samples of n-
type germanium. For less pure samples, the type of 
variation observed at 20°K would occur at a higher 
temperature. Approximate values for the field intensity 
at which departure from constant mobility takes place 
are listed in Table V. The value for n-type silicon is not 
available. 

" For theoretical explanation, see W. Shockley, "Hot electrons in 
germanium and Ohm's law," Bell Sys. Tee/a. Jour., vol xxx, pp. 
990-1034; October, 1951. 
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TABLE V 

APPROXIMATE FIELD INTENSITY (VOLTS/CM) AT WHICH DEPARTURE 
FROM CONSTANT MOBILITY TAKES PLACE (T = 300°K) 

Conductivity Type  Ge  Si 

9004 
1,400a  7,500a 

" E. J. Ryder and %V. Shockley. "Mobilities of electrons in high electric fields." 
Phys. Per.. vol. 81. pp. 139-140; 1951. 
ss E. J. Ryder. to be published in the Phys Rev. 

CONDUCTIVITY 

The electrical conductivity, a, and the resistivity, p, 
are related to the concentrations of electrons and holes 
and their respective mobilities by 

a = 1/p = nem,,  pepp,  (8) 

where e is the charge on the electron. The conductivity 
will therefore be affected by any condition which affects 
carrier concentrations or mobilities. We shall consider 
explicitly only its variation with temperature. 
For intrinsic material the carrier density and the 

mobilities can be taken from the empirical formulas 
given in (4) and Table IV, respectively. This gives 

a; = 1/pi = 4.3 X 104 e--4•1501 T ohm-' cm-1 Ge, 

a; = 1/pi = 3.4 X 104 e-4 .45" ohm-4 cm-' Si. 
(9) 

The resistivities of intrinsic material at 300°K com-
puted from these formulas are listed in Table II. In-
trinsic conductivity is plotted versus the reciprocal of 
temperature in Fig. 7 as a dashed line. 
Some typical experimental data for the case of ex-

trinsic conductivity are also plotted in Fig. 7. The data• 
shown are for the same set of arsenic-doped germanium 
samples whose concentration and mobility data are 
plotted in Figs. 1 and 5, respectively. For sample 58 a 
does not vary much with temperature since n and & do 
not. It is useful in discussing the other samples to con-
sider various temperature ranges separately. At low 
temperature, variation of carrier density is the domi-
nant effect. As the temperature rises and donors be-
come ionized, n increases and therefore a increases. It 
is interesting to note that in this temperature range 
samples 53, 64, 54, and 61, which have quite different 
impurity concentrations, do not differ greatly in con-
ductivity. This can be understood as follows: For these 
samples impurity scattering is dominant in this range. 
Their mobility therefore varies approximately in-
versely with the density of ionized impurities. (See 
(5). The logarithmic variation with impurity concentra-
tion can be neglected.) Since the carrier density is ap-
proximately equal to this density, the product of n and 
and therefore the conductivity, should be approxi-

mately the same for all of them. 
Over the range of temperatures where the impurities 

are essentially all ionized and carrier concentration is 
constant, mobility variation dominates. In this range 

lattice scattering is usually dominant, and the con-
ductivity therefore decreases as the temperature 
increases. At still higher temperatures intrinsic condut-
tivity, described by (9), sets in. 
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Fig. 7—Conductivity versus absolute temperature for the same set 
of arsenic-doped germanium samples. The data were taken by 
Debye at Bell Laboratories. The dashed line represents intrinsic 
conductivity. 

0 10 

ZENER CURRENT 

Application of a strong electric field may enable elec-
trons from the valence band to cross the energy gap 
which separates them from the conduction band. This 
involves a process of penetration of a potential barrier 
very similar to the penetration of the potential barrier 
at the surface of a metal when a high field is applied to 
produce cold emission. The resulting current, fre-
quently called "Zener current," is very strongly field 
dependent. Fields of the strength required to produce a 
measurable Zener current without undue heating and 
other undesirable effects may be obtained in the space-
charge region of a p-n junction biased in reverse. 
A typical reverse current-voltage characteristic for a 

germanium p-n junction is shown in Fig. 8. For low 
fields the only carriers available which can cross the 
junction are the holes in the n-region and the electrons 
in the p-region. Since these are relatively few in number, 
this constitutes a small current and one which is prac-
tically independent of field since the carriers travel 
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mainly by diffusion. This accounts for the constant 
saturation current observed up to about 6 volts in this 
particular junction. At about 6 volts, however, an addi-
tional current starts to flow which increases very sharply 
with voltage. The field at which the transition takes 
place and the general behavior of the curve be ond the 
transition are approximately what is predicted theo-
retically from a simple picture of the Zeiler effect. The 
additional current has therefore been identified as Zeiler 
current." 

100 
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O. I 
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= vto  -107 /E) 

10-7  10-6  10. 5 10-4  10-3  10-2  10-I  

AMPERES/CM 2 

Fig. 8—Current-voltage charactecistic for a p-n junction biased in 
reverse. The data were taken from McAfee, Ryder, Shockley, 
and Sparks." The formula included is derived the iretically from 
a simple picture of Zener effect, and fits the ;:ener current for 
this particular junction quite well. 

The field intensity at which the so-called Zener cur-
rent becomes appreciable compared to the saturation 
current is called the "critical field." In germanium this 
has been found to depend on crystallographic orienta-
tion. The value obtained when the III direction of the 
crystal is perpendicular to the p-n interface is 2 X105 
volts/cm. Values found for other orientations in ger-
manium differ by as much as a factor of 2.35 In silicon 
there is no evidence for a dependence of the critical field 
on crystallographic direction. Values have been re 
ported ranging from 2 X105 volt/cm  m to 2.5 X105 
volts/cm.37 

It has also been found that the current-voltage char-
acteristic changes somewhat with temperature. For the 

34  K. B. McAfee, E. J. Ryder, W. Shockley, and M. Sparks, "Ob-
servations of Zener current in germanium p-n junctions," Phys. Rev., 
vol. 83, pp. 650-651; 1951. In a number of samples measured since 
this publication, however, it has been found that the slope of the 
curve in the Zener region is quite different from the theoretical pre-
diction. The effect observed may thus be more complicated. 

35  K. B. McAfee, private communication, Bell Telephone Labora-
tories, Inc., Murray Hill, N. J. 

55  K. B. McAfee and G. L. Pearson, abstract E6 in the program 
of the 1952 ‘Vashington meeting of  These results were ob-
tained for grown junctions. Also, "The electrical properties of silicon 
p-n junctions grown from the melt," Phys. Rev., vol. 87, p. 190; July, 
1952. 

37  G. L. Pearson and B. Sawyer, "Silicon p-n junction alloy 
diodes," Pnoc. I.R.E., vol. 40, pp. 1348-1352; this issue. These re-
sults were obtained for alloy process junctions. 

junctions stti I ird t he voltage required to produce a prr-
tieular current in the Zener range increases as the tem-
perature increases at a rate of about 0.1 per cent per 
degree. This does not necessarily indicate that the 

critical field varies in this way. 

.11 411 ME 

)eparture from the thermal equilibrium concentra-
tions of electrons and holes can be obtained by Het ling 
carriers of the minority type, e.g., holes in n-type mate-
rial, say, at a point contact." To maintain electrical 
neutrality of the specimen an equal number of the ma-
jor ity carrier must be drawn in at the same time. (This 
proutss is of importance ill many types of transistor 
action.) The carrier concentrations can also be changed 
from the thermal equilibrium values by, for example, 
the creation of hole-electron pairs by light, X-rays, or 
strong electric fields. When there is an excess of carriers 
present, the system tends to return to equilibrium by 
recombination of the excess electrons and holes. 
Such recombination has been observed by Haynes 

and Shockley." They find that a small pulse of boles 
injected into a filament decays exponentially, so that if - 
No is the original number of injected holes, the number 
existing after time t is Noe-ii*P. r„, called the lifetime of 
a hole, is thus the time required for the pulse to decay 
to 1 „le td- it ttrLiit.ti size)" Analogous results have keen 
obtained for cici Irons injected into ft-type matcri,11. 
Experiments with filaments of varying cross section 

and surface treatment show that, the recombination in 
general occurs both in the volume and on the surface of 
the material. The lifetime observed, r, can be considered 
to be made up of separate lifetimes for body and surface 
recombination, r, and 7,, respectively, according to 

17r =-- (10) 

The factors affecting these separate lifetimes will now 
be considere4. 

Body lifetime varies very widely from crystal to 
crystal. It is also a function of temperature for any 
given crystal. The values to be quoted are for room tem-

perature and small injected carrier density. In both n-
and p-type germanium, values as high as 1,000 µsec 
have been observed." Typical values for crystals grown 

35  For references ancl a discussion of the literature see W. Shockley, 
op. cit., chap. 3 
" J. R. I laynes and W. Shockley, "Investigation of hole injection 

in transistor action," Phys. Rev., vol. 75, p. 691; 1949; and vol. 81, 
p. 835; 1951. 
'° Whitt is actually observed in these experiments and most life-

time-measuring experiments is a quantity called the "diffusion 
length" rather than the lifetime. Written for holes, the diffusion 
length, denoted by L5, is defined by 

Zip= 'D,r5, 

and is the average distance along any given direction which a bole 
will diffuse before recombining. 
" J. R. Haynes, private communication, Bell Telephone Labora-

tories, Inc., Murray Hill, N. J. However, much higher values have 
been rumored. 
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by the pulling method of Teal and Little" from orig-
inally purified germanium are a few hundred µsec for 
high-resistivity material (of the order of 30 ohm cm) 
and 100 µsec for material of about 5 ohm cm. Few data 
are available for silicon. The values reported are in gen-
eral lower than those for germanium. As a general trend, 
the lower the resistivity of the samples the lower the 
lifetime, but there are frequent exceptions to this. 
The great variations from crystal to crystal are due 

to the fact that body lifetime is quite sensitive to the 
presence of chemical impurities and imperfections in the 
lattice. In line with this it has been found that thermal 
conversion and bombardment both have drastic effects 
on the lifetime, being able to cut it down from several 
hundred µsec, for example, to 1 µsec or less. Crystals 
strained during solidification may have lifetimes as 
low as a µsec. Doping with column III and V elements 
in general decreases the lifetime somewhat. 
The lifetime for surface recombination, rs, depends 

on the dimensions of the sample as well as on surface 
properties because the carriers must diffuse to the sur-
face before they can recombine there. It is convenient 
to separate out the dependence on the surface itself by 
introducing the surface velocity of recombination, s, 

defined by 

number recombining per second 
per unit surface area 

s — 
excess density over thermal 

equilibrium value just below surface 

Values of s have been found ranging from less than 102 . 

cm/sec to greater than 10 cm/sec, these being correlated 
with surface treatment. The high value stated is ob-

tained for sandblasted surfaces. If the surface is polished 
smooth and etched with CP-4 etch to remove worked 
material, the value of s is decreased to 5 X102 cm/sec. 
Chemical treatment of this polished and etched surface 
can reduce this to about 1 X102 cm/sec, or increase it to 
values as high as those obtained for sandblasted sur-
faces." Values of s less than 102 cm/sec have also been 
reported for etched surfaces." 
The relationship among r., s, and the dimensions of 

the sample has been derived theoretically by Shockley 
for a rod or filament of rectangular cross section. The 
results can be expressed simply for the limiting cases of 
very large s and very small s. For a sample with trans-
verse dimensions 2B x 2C, these are 

42  G. K. Teal and J. B. Little, "Growth of germanium single 
crystals," Phys. Rev., vol. 78, p. 647; 1950. 
" See J. R. Ilaynes and W. Shockley, op. cit., for composition of 

CP-4 etch and details of the chemical treatment. 
" D. Navon, R. Bray, and H. Y. Fan, abstract El° in the program 

of the 1952 Denver meeting of A.P.S. Also, "Lifetime of injected 
carriers in germanium," Bull. Amer. Phys. Soc., vol. 27, pp. 14 -15; 
June 30, 1952. Also, W. Brattain, private communication, Bell Tele-
phone Laboratories, Inc., Murray Hill, N. J. 
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where D is the appropriate diffusion constant.* 

DIFFUSION OF CURRENT CARRIERS 

An electric current can also arise from diffusion of 
electrons or holes. For specificity we shall speak of holes 
in n-type material, the modification for electrons in p-
type material being obvious. Also, we shall assume there 
is no externally applied electric field. Consider a situa-
tion in which the density of holes varies with position, 
such as would be the case if holes were being injected 
at a point. For simplicity we will assume that this vari-
ation takes place in one direction only, and has a con-
centration gradient dpldx. As a result of thermal agita-
tion there will be a net flow of holes tending to smooth 
out the inequalities in concentration. In the case in 
which the injected hole density is much smaller than 
the electron concentration the holes will disturb the 
electron distribution very little and will diffuse like a 
neutral gas. The hole current density, j„, arising from 
diffusion is proportional to the concentration gradient 
of the holes, and is directed oppositely. It can be written 

for this case of small injected density, 

dp 
ip =  eDp — • 

dx 
(12) 

This defines D„, the diffusion coefficient of holes. A dif-
fusion coefficient for electrons, D„, can be defined sim-

ilarly. 
For small injected hole density the diffusion co-

efficient is related to the mobility by the Einstein rela-

tion," 

=  D . 

kT 
(13) 

A corresponding relation of course exists for electrons. 
At 300°K for fairly pure germanium samples, the dif-
fusion coefficients calculated from this are 

D. = 93 cm2/sec 

Ge at 300°K. 

D„ = 44 cm2/sec 

Further numerical values will not be given since the 
Einstein relation plus knowledge of the mobility makes 

their calculation simple. 

44  For filaments of square cross section, the relationship between 
T. and s for all values of s is given graphically in W. Shockley, op. cit., 
p. 324. 

44  A. Einstein, " Ober die von der snolekularkinetischen Theorie 
der Warme geforderte Bewegung von in ruhenden Flussigkeiten 
stispendierten Teilchen," Ann. der Phys., vol. 17, pp. 549-560; 1905. 
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When a large density of holes is injected, the change 
in the electron distribution due to the holes cannot be 
neglected. To neutralize the space charge of the holes 
a correspondingly large density of electrons must ac-
cumulate in the neighborhood of the holes and must 
furthermore move at the same rate. The hole current (or 
electron current) is, in this case, also proportional to the 
concentration gradient, but the constant of proportion-
ality is given by eD,47 where 

2D„D, 
D =   (14) 

D. + Dr 

this being the same for electrons and holes. This result 
applies also to the, diffusion of carriers injected into in-
trinsic material. At room temperature in germanium 
D=59 cm2/sec. 

NIAGNETORESISTANCE 

Experimental data on the change of resistance in a 
magnetic field have been obtained by Pearson and Suhl 
for n- and p-type germanium." They investigated the 
dependence of the effect on magnetic field strength, tem-
perature, and angle between current and magnetic field. 
In the case of p-type germanium the fractional change 
in resistance, hp/p, was considerably larger for the field 
perpendicular to the current than for the field parallel 
to the current, while for n-type germanium the reverse 
was true. The size of the effect was found to increase as 
the square of the field at low fields and as a lower power 
of H at high fields. For any given field the effect was 
found to increase as the temperature was lowered. In the 
temperature range from 77°  to room temperature, 
Apip was never larger than about 10 per cent for fields 
up to 1,000 gauss. Very considerable effects were ob-
served, however, for higher fields. At room temperature 
in n-type material for a field of 100,000 gauss, Ap/p was 
1.1 for the field perpendicular to the current, 2.2 for the 
field parallel to the current. At 77°K Apip for the latter 
case reached 2.0 at a field of 20,000 gauss. 

OPTICAL PROPERTIES 

W e shall consider first the optical absorption of pure 
material. In Fig. 9, per cent transmission is plotted ver-
sus wavelength, X, in microns (1 micron =10-4 cm) for 
high resistivity specimens of germanium and silicon. 
Both absorb strongly in the visible and near infrared, 
and are relatively transparent over most of the range of 
longer infrared wavelengths. These qualitative features 
can be understood readily. 

" W. van Roosbroeck, "Theory of the flow of electrons and holes 
in germanium and other semiconductors," Bell Sys. Tech. Jour., vol. 
29, pp. 560-607; 1950. 
" G. L. Pearson and H. Suhl, "Magneto-resistance effect in ori-

ented single crystals of germanium," Phys. Rev., vol. 83, pp. 768-
776; 1951. 

One process by which light can be absorbed in ger-
manium or silicon is through excitation of electrons 
from the valence band to the conduction band, creating 
hole-electron pairs. The energy of a quantum required 
for this transition corresponds to light in the visible and 
near infrared regions of the spectrum. The lowest energy 
quantum which would enable an electron to make this 
transition would have to have energy equal to the en-
ergy gap. At the long wavelength limits of the absorp-
tion observed in germanium and silicon, the quantum 
energies agree quite well with the previously given 
values of the respective energy gaps. It has also been 
shown experimentally that this process has unit quan-
tum efficiency, i.e., for every quantum absorbed in this 
range one hole-electron pair is created.° 
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Fig. 9- -Per cent transmission versus wavelength for high-resistivity 
germanium and silicon. The data were taken by Briggs at Bell 
Laboratories. Thickness of the sample is indicated in each case. 
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For wavelengths longer than the absorption limit, the 
energy cannot be absorbed by electrons in the valence 
band, and the crystals will be relatively transparent. 
Transmission is only about 50 per cent, however, be-
cause of reflection at the surface. The sharp peak at 
about 9 microns in silicon is probably due to absorption 
by the lattice." The other absorption observed in the 
infrared may be due to the free carriers. 

Impure samples of germanium and silicon show the 
same behavior in the visible and near infrared as the 
pure samples. Beyond the absorption limit, however, 
they show greater absorption than pure samples. This 
absorption increases with carrier concentration, and is 
presumably due to the absorption of the free carriers. 
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40 F. S. Goucher, "Photon yield of electron-hole pairs in german• 
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THERMAL PROPERTIES 

THERMOELECTRIC POWER DEPENDS STRONGLY ON CARRIER DENSITY SO No VALUES WILL BE GIVEN 

TABLE VI 

QUANTITY 

GERMANIUM 

VALUE 

Linear thermal expansion coefficient 

Thermal conductivity 

Specific heat 
Latent heat of fusion 
Melting point 
Boiling point 

6.1 X 10-6/°C" 
6.6X 10-6/°C" 
0.14 cal/sec cm°C" 

e%-,0.11 cal/sec cm°03 
0.074 cal/gm°C" 
8300 cal/mol's 
936°C" 
2700°C" 

TEMERATURE 

SILICON 

VALUE TEMPERATURE 

0-300°C 
300-650°C 

25°C 
100°C 

0-100°C 

4.2 X 10-4/°C" 

0.20 cal/sec cm°C" 

0.181" 
9450 cal/mol" 
1420°C" 
2600°C" 

10-50°C 

20°C 

18.2-99.1°C 

W. L. Bond. private communication. Bell Telephone Laboratories, Inc.. Murray Hill, N. J. 
12  'Handbook of Physics and Chemistry." Chem. Rubber Publishing Co.. ed. 33. 
U A. Greico and H. C. Montgomery, "Thermal conductivity of germanium," Phys. Rev.. vol. 86. p. 570; 1952. 
44  'Metals Handbook," American Society for Metals; 1948. 
56 See paper by L. Brewer in 'Chem. and Met. of 'Misc. Materials.' edited by L. L. Quill, McGraw-Hill Book Co., Inc.; 1950. 
64 E. S. Greiner. private communication, Bell Telephone Laboratories. Inc., Murray Hill. N. I. 
11  M. E. Straumanis and E. J. Aka, "Lattice parameters,  coefficients  of  thermal  expansion,  and  atomic weights of purest silicon and germanium," Jour. A ppl. Phys. 

vol. 23. pp. 330-334; 1952. 

AIECHANICAL PROPERTIES 

TABLE VII 

QUANTITY 

VALUE 

GERMANIUM  SILICON 

Elastic constant Cu 
Elastic constant C12 

Elastic constant C41 

Volume compressibility 

12.98 X1Ou dynes/cm' 68  

4.88X 10u dynes/cm' 68  

6.73 X 10u dynes/cm' 68  
1.3 X10-'2 cm'/dyne" 

16.740 X 10" dynes/cm' 57  
6.523 X1011 dynes/cm' 69  
7.957 X 10u dynes/cm' 69  
0.98 X 10-12  c m'/dyne" 

6, W. L. Bond, W. P. Mason, H. J. McSkimin, K. M. Olsen. and G. K. Teal. 'Elastic constants of germanium single crystals." Phys. Rev.. vol. 78. p. 176; 1950. 
I' H. J. McSkimin, W. L. Bond, E. Buehler. and G. K. Teal. "Measurement of the elastic constants of silicon single crystals and their thermal coefficients." Phys. 

Rte.. vol. 83. p. 1080; 1951. 
I " Calculated from the elastic constants. 
2, P. W. Bridgeman, "Linear compressions to 30.000 kg/cm' including relatively incompressible substances," Proc. Amer. Acad. Arts and Sci.. vol. 77. no. 6, pp. 187-

234; 1949. 

MISCELLANEOUS 

TABLE VIII 

QUANTITY 

VALUE 

GERMANIUM SILICON 

Atomic number 
Atomic weight 
Lattice constant 
Density 
Dielectric constant 
Magnetic susceptibility 
Debye temperature 

32 
72.60" 

5.657 X10-8 cm" 
5.323 gm/cm' 57  

16" 
—0.12 X10-6  cgs" 

290°K 

14 
28.08" 

5.431 X10-8 cm" 
2.328 gm/cm3" 

12" 
-0.13 X10-6 cgs" 

C D 

1t • 
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Preparation of Germanium Single Crystals* 
LOUISE ROT iff AND IV. E. TAYLORI 

Summary-Single crystals of germanium have been prepared by 
two methods using a vacuum furnace ('-'5x 10-• mm Hg pressure) 
with Induction heating. 

In the first method nucleation is induced at the upper surface of 
the melt by producing the necessary heat gradient, and a single 
crystal is grown in the crucible by controlling the rate of cooling. In 
the second method molten germanium is seeded with a single crystal 
and is withdrawn as it solidifies in the orientation of the seed crystal. 
Seeds orientated with the (111), (100), and (110) planes parallel to 
the surface of the melt have been used and well-developed crystal 
faces are obtained. Single crystals of pure germanium and Sb or 
In-doped germanium does not wet the crucible; Al-doped germanium 
adheres to the crucible. 

Resistivity gradients may be greatly reduced by repeated recrys-
tallizations. Pure germanium of about 55 ohm-cm resistivity can be 
obtained in this way. 

INTRODUCTION 

SINCE THE ELECTRICAL properties of semi-
conductors depend critically on crystal imperfec-

tions (impurities or lattict  .flaws), the prepara-

tion of pure single crystals is of importance. It is of 

historical interest that the first attempt to measure elec-

trical resistivity of vacuum melts of silicon by Heraeusl 

and single crystals' by de Haen and Schuchardt led to 

the conclusion that silicon was a metal and not a semi-

conductor. 

Seemann with Gudden3 came to this conclusion be-

cause of the high conductivity of the single crystals-

resistivity values between 0.3 X10-3  and 1.5 X10-3  ohm-

cm (by two powers of 10 below those obtained by 

Koenigsberger4 for polycrystalline silicon)." A plot' of 

the logarithm of the conductivity as a function of 1/7' 

* Decimal classification: R282.12. Original manuscript received 
by the Institute, July 18, 1952. Work supported by a Signal Corps 
Contract. 

Physics, Dept., Purdue University, Lafayette; Ind. 
$ Motorola Research Laboratories, Phoenix, Ariz. 
F. Lauster, "Zur Frage der Elektrische Leitfahigkeit des 

geschmolzenen Siliciums," Z. f. Phys., vol. 59, p. 83; 1929; vol. 61, 
p. 578; 1930. 

2 H. J. Seemann, "Zur elektrische Leitfahigkeit des Siliziums," 
Phys. Zeit., vol. 28, p. 765; 1927. 

3 B. Gudden, "Electrical Conductivity of Electronic Semicon-
ductors," Erg. exakt Naturw., vol. 13, p. 235; 1934. 

4 J. Koenigsberger and K. Schilling, "Uber die clektrische Leit-
fahigkeit einiger fester Substanzen," Phys. Zeit., vol. 9, p. 347; 1908. 

H. J. Seemann, "Zur elektrischen Leitfahigkeit des Siliziums 
Nachtrag," Phys. Zeit., vol. 29, p. 94; 1928. 

6 K. Lark-Horovitz, Preparation of Semi-Conductor and De-
velopment of Crystal rectifiers; Final report NDRC 19-585, U. S. 
Deptl of Commerce; 1945. "The New Electronics," A.A.A.S. Sym-
posium, Section 2; 1949. We are indebted to Mr. Lark-Horovitz for 
use of this manuscript. This was later substantiated by careful meas-
urements at Bell Telephone Laboratories. Correct value for the gap 
is 1-12. 
G. L. Pearson and J. Bardeen, "Electrical properties of pure 

silicon and silicon alloys containing boron and phosphorus," Phys. 
Rev., vol. 75, p. 865; 1949. 

IL sum marizing some of the old measurements on 

sun itt, Ic.ids one to coin hide that silicon is a semicon-

ductor .110I that the energy gap (note in Fig. 1 the nearly 

identical (intrinsic) high-temperature slopes) is 1.1 1.2 

electron volts. 

10 
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Fig. 1-The logarithm of the conduct iv it y in inho-cm-1 is plotted as 
-a function of 1/T for a number of silicon samples IlleaSlIred. High-
temperalitre sh,pes indicate an energy gap of about 1 • 1-1 • 2 elec-
tron-volt. A Schulze, "Untersuchung on Silizium," Z. tech. Phys., 
vol. 11, p. 443; 1930. J. C. Somerville, "Temperature coefficients 
of electrical resistance Ill," Phys. Rev., vol. 33, p. 77; 1911. 
A. E. Middleton and I. Walerstein, Purdue University, unpub-
lished data; 19-42-Pa i. 

The reduction of Si C14 with zinc vapor, used during 

the war by Dupont' leads  to single-crystal silicon 

needles orientated, as X-rays show" parallel to the 11111 

axis. Resistivity measurements by Walerstein on these 

needles gave values from a few oh m-cm to 10,000 ohm-

cm.10 The only Hall value, obtained at room tempera-

ture on a needle having a conductivity of 0.0083 mho-

was about -2.3 X103. 

7 A. C. Torrey and C. A. Whitmer, "Crystal Rectifiers," Alf-
Graw-llill Book Co., Inc., New York, N. 67; 1948. 

K. Lark-Horovitz, Contractor's Final Report, NDRC-14-585, 
p. 24; 1945. (J. I). Orndoff; 1943.) 

• Purdue University, personal communication; 1943. 

" H. v. Wartenberg, "Clier Silicium,“ Z. f. atiorg. Client., vol. 265 
p. 186; 1951. 
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Such experiments" clarify the necessity for producing 
ingle crystals of high purity in order to determine the 

rue properties of silicon. 
• During the latter part of 1947 and early 1948 when 
L. E. Davis" was engaged in improving purification and 
netallographic techniques, in making germanium ingots 
ie found higher mobilities in samples containing large 
rystallites than was observed in older material. It was 
oncluded that grain boundaries may play a large part 
n the scattering of carriers and, therefore, a systematic 
)rogram of single-crystal growing of germanium was 
tarted by W. E. Taylor at the suggestion of K. Lark-

-Iorovitz. 
The starting material for making high-purity ger-
nanium crystals is the highest purity germanium oxide 
ktainable from the Eagle-Picher Company. The oxide 
s reduced in a stream of hydrogen at 650° C. The result-
ng germanium powder is ready for vacuum melting 

without further processing." 
The reduction furnace used at the present time con-

sists of a 2-inch quartz tube heated by a pair of hinged 
semicylindrical resistance units, which may be opened 
at the end of the heating period to hasten cooling. The 
brass fittings waxed to each end of the tube contain the 
hydrogen vents, and copper tubing for water-cooling 
the waxed joints. The sample is inserted at the forward 
end and the furnace is made gas tight by means of a rub-
ber gasket between the end plate and the cylindrical 
part of the fitting, which are screwed together. The 
furnace is tilted slightly from front to back to keep the 
condensed moisture of the reaction from the charge. 
The excess hydrogen and water vapor pass from the 
furnace through a trap and a water bubbler and are 
allowed to escape to the outside. 
The melting furnace consists of a 2-inch clear quartz 

tube sealed at one end and evacuated (Fig. 2). Heat is 
supplied by a movable high-frequency induction coil. 
Either graphite or glazed porcelain are satisfactory 
crucibles since pure germanium and most germanium 
alloys do not wet them. It has been found, however, that 
the interfacial surface tension in highly doped alumi-
num-germanium alloys is such that the melt adheres to 
the porcelain glaze. 
The premelt is carried out in a graphite crucible. The 

germanium powder is slowly outgassed to prevent a 
rise of pressure above 10-' mm Hg. When the material 
is molten, the power is turned off and a polycrystalline 

ingot is formed. 
This ingot is etched for 10 to 15 minutes to remove 

debris, and is now ready to be made into a single crystal. 

SINGLE CRYSTALS 

There are several methods known for the production 
of large crystals,"." but only two have been used by us. 
One of these makes use of a thermal gradient to promote 
the growth of large crystals from a spontaneously 
formed nucleus; the other combines a thermal gradient 
with artificial seeding of the melt with a previously ob-
tained single crystal (Czochralski method). Both of 
these methods have been tried successfully at Purdue. 

" G. K. Teal and E. Buehler, "Growth of silicon single crystals 
and of single crystal silicon p-n junctions," Bull. Am. Phys. Soc., 

• vol. 27, no. 3, p. 14; 1952. 
12 Now at Westinghouse Research Laboratories. 
13 It is extremely important to maintain the highest standards of 

, cleanliness at every step in the preparation of germanium since small 
1 amounts of impurities introduced into the material may produce 
k changes in its electrical properties. 

THERMAL GRADIENT METHOD'e 

Germanium expands on solidification, thus causing 
crystals to float on top of the melt. By cooling the melt 
from the top it is possible to produce large crystals. 
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Fig. 2—High-vacuum melting furnace showing crystal 
pulling mechanism. 

The premelt ingot, etched and rinsed, is placed in a 
porcelain crucible which is fitted into a graphite heater 
as shown in Fig. 2, and outgassing is carried out as in 
the case of the premelt ingot. After the charge is heated 
to about 1200° C for a period of 4 to 5 minutes, the 
power is lowered so that the temperature is decreased 
to about 965° C. The induction coil is then lowered at a 
rate of about 0.03 inch per minute until the first crystal 
forms at the top of the melt, and is maintained at this 

14  F. Halla, "Kristallchemie and Kristallphysik Metallischer 
Werkestoffe," J. A. Barth, Leipzig; 1939. 

lb II. E. Buckley, "Crystal Growth," John Wiley and Sons, New 
York, N. Y.; 1951. 

14  W. E. Taylor, Ph.D. Thesis, Purdue University; 1950. Signal 
Corps Special Report W-36-039-SC-38151; 1950. 
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position until the top is solid. Then lowering is con-
tinued at the rate of 0.03 inch per minute over a dis-
tance equal to the height of the ingot. The pressure is 
maintained below 2 X10-5 mm. Hg. 
In principle this method of growing large crystals is 

quite simple. In actual practice a number of difficulties 
arise if one is really intent upon making a single crystal 
of the entire charge: 1. It is comparatively rare for only 
one crystal to appear and grow over the entire face of the 
melt. It may be necessary to melt back and start the 
coil-lowering process several times if a number of crys-
tals appear simultaneously or in quick succession. 
2. Even if one succeeds in producing a single large 
crystal, the bottom of the ingot (and often the edges) 
may contain small. parasite crystals started at the sur-
face of the crucible. In spite of these difficulties ingots 
consisting of from 1 to 3 large crystals and weighing up 
to 100 grams have been made by this method. 

Such ingots show a resistivity gradient from top to 
bottom (the top showing the highest resistivity), as 
well as a radial gradient, and may contain both N- and 
P-type regions. The electrical properties of various 
regions of ingots made by this method have been dis-
cussed in detail by Taylor. 

SEEDING THE MELT" 

When the last portion of a germanium melt solidifies 
in the crucible, a single-crystal spike is frequently ex-
truded through a break in the upper surface. Rotation 
X-ray photographs of such spikes show that the direc-
tion of growth is along the [111] axis of the crystal 
Needles are also found in sublimed germanium, and 
again the X-ray diagram shows the same orientation 
and structure as for the silicon needles." In view of 
the growth pattern of these single crystals, it was de-
cided to prepare the first seed crystal to be introduced 
into the melt with the [111] axis perpendicular to the 
molten surface. Subsequently, [110] and [100] oriented 
seeds have been used with equal success. 
A seed is prepared from a single crystal which has 

been alternately X-rayed and cut until the desired 
crystal face is exposed." It is also possible to orient 
crystals by examining the etch patterns." Fig. 3 shows 
the pattern observed on the (100) or cube face of a ger-
manium crystal etched with 1-1202. 
The seed crystal is held in the lavite holder which is 

screwed into the base of the lifting mechanism" 
(Fig. 2). The driving motor (not shown) and Metron 
variable ratio speed changer are mounted on the top 
plate. 

17  G. K. Teal and J. B. Little, 'Growth of germanium single 
crystals," Phys. Rev., vol. 78, p. 647; 1950. 

18 However, a microphotograph of such a needle shows stacked 
octrahedra with the [11 I] axis along the needle (J. Radavich). 
" We are indebted to I. G. Geib, who performed X-ray analysis. 
2° Such methods have recently been widely used at RCA and 

Westinghouse. Personal Communication. 
" Designed by W. E. Taylor. 

Novembe;, 
;t 

'Ishe crucible used for holding the charge is porcelain. 
(Fig. 2). After the charge has been outgassed slowly, it. 
is brought above the melting point as before and held' . 
there for about 5 minutes. Then the power is reduced to 
give a temperature of about 965° C. The induction coil . 
is lowered 0.03 inch per minute until a crystal starts • 
forming, then it is raised until it just melts. The seed is 
then lowered until it is in contact with the melt, and is. 
allowed to remain stationary for a time sufficient to 
melt it at the interface. If the seed does not melt slightly, 
a poor bond is established between it and the molten 
germanium, resulting ingot will be polycrystalline. 
Lifting is begun slowly, if necessary intermittently, 

to prevent pulling the seed from the melt which is 
drawn up by surface tension at the point of contact. 

Fig. 3—Etch pattern brought out on (100) crystal face of germanium 
by 30-per cent hydrogen peroxide etch. 

As lifting proceeds and heat is carried away from the 
molten material through the seed, the melt solidifies in 
the orientation of the seed crystal. The diameter of the 
ingot will usually increase as withdrawing proceeds. If 
it does not, it may be necessary to lower the heating 
coil slightly. When the desired diameter is reached, a 
constant speed of lifting will maintain it. The speed 
most frequently used in this laboratory is 3 inches an 
hour. 

Pure germanium ingots of 175 grams have been 
made by this method. There is a vertical resistivity 
gradient, but horizontal layers are quite uniform and 
there are no barriers. Vertical gradients may be re-
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Fig. 4—Pure germanium single-crystal drawn with growth axis in 
[110] direction. The faces shown are (111) crystal planes. 

duced by cutting off and discarding the bottom of the 
ingot, which contains dissolved impurities, and by re-
crystallizing the top. Material of 55 ohm-cm resistivity 
has been made in this way. Fig. 4 shows a crystal 
grown on the [1101 axis. Laue diffraction patterns taken 
at intervals along the well-developed (111) planes show 
the orientation to be unchanged throughout the length. 
Doped ingots have been prepared with antimony, 

indium, and aluminum. In all cases, single crystals have 
been obtained. These ingots too show a vertical concen-
tration gradient, but horizontal uniformity. 

CONCLUSION 

Pure germanium powder, obtained by hydrogen re-
duction of the oxide, has been processed in vacuum to 
obtain single crystals of germanium and germanium al-
loys with predetermined orientation. 

P- N Junctions by Impurity Introduction Through 
an Intermediate Metal Layer* 

L. D. ARMSTRONGt 

Summary—This paper describes an experimental method for 

making p-n junctions by alloying and diffusing indium into n-type 
germanium through an intermediate thin layer of some other metal, 
such as gold, which has been plated on the germanium. The junction 
characteristics are similar to those of junctions made by other meth-
ods, but the shape may be clearly defined and controlled. New possi-
bilities of differentiation between alloying and diffusion are other ad-
vantages of the process. Applications have been made to rectifiers and 
transistors. 

INTRODUCTION 

A
USEFUL METHOD for making junction semi-

conductor devices consists of alloying with and 
diffusing into semi-conductors of one conduc-

tivity type, materials which, as impurities, give it con-
ductivity of the opposite type.1.2 For example, indium 
is an acceptor or p-type impurity in germanium and 
may be introduced into germanium containing an ex-
cess of donors (n-type impurities) so as to form a 
rectifying junction. . 
Control of the area of p-n junctions made by such 

combined alloying and diffusion of indium metal into 
n-type germanium is important to obtain uniformity of 

• Decimal classification: R282.12. Original manuscript received 
by the Institute. August 4, 1952. 
t RCA Laboratories Division, RCA, Princeton, N. J. 
' W. Shockley, U. S. Patent 2,569,347, applied for June 26, 

1948. 
R. N. Hall and W. C. Dunlap, "P-n junctions prepared by im-

purity diffusion," Phys. Rev., vol. 80, P. 467; May, 1950. 

results. For example, simple application of small pieces 
of indium metal on the surface of the germanium and 
subsequent heating to the desired temperature gives 
junctions whose size varies from unit to unit and whose 
location on the surface may also be somewhat inde-
terminate. In an attempt to define more clearly the 
junction area the indium has been electroplated onto 
the germanium. However, a smooth layer of any thick-
ness greater than a few microns is not readily obtained; 
the indium tends to agglomerate when melted and the 
area finally coated is not the original plated region. Al-
though other methods for control are possible, this 
paper describes a highly successful method using an 
intermediate metal. 

DESCRIPTION OF THE METHOD 

The germanium is first plated with a thin layer of a 
metal which alloys readily with indium and which does 
not subsequently affect the p-n junction. The plated 
area may be accurately controlled in size, shape, and 
position by customary plating techniques. The alloying 
metal, indium, is then placed on the plated area and the 
whole heated to melt the indium. It is found that the 
molten indium flows freely on the plated region, and it 
alone is covered. With further heating, diffusion takes 
place through the intermediate metal layer and into the 
germanium, forming the desired p-n junction with a 
well-defined area. Such junctions have been made using 
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thin plated layers of the common metals which are easily 
"wet" by indium, i.e., silver, gold, copper, and nickel. 
Fig. 1, which is not drawn to scale, illustrates the 
principle. 

BEFORE FIRING 

INDIUM 

PLATED REGION 

GERMANIUM 

Fig. I 

AFTER FIRING 

Particularly satisfactory results have been obtained 
with plated gold. Although good junctions have been 
made with layers up to 2 mils in thickness, the best 
thickness is considerably thinner than this, perhaps of 
the order of a few hundred Angstrom units. After a first 
heating, which melts the indium so as to cover the gold 
and start the diffusion process, the assembly is chem-
ically etched to dissolve excess plating metal which 
might otherwise cover the junction boundary. A second 
firing completes the diffusion process. The final etching 
is similar to that used in the case of junctions made 
without an intermediate metal layer. 

ADVANTAGE OF THE PROCESS 

To offset the more complicated firing and etching 
schedule, in comparison with devices made without the 
intermediate plated metal, there are several advantages 
which merit attention. 

1. A properly chosen intermediate layer may permit 
wetting of the junction area at a lower temperature 

than if no layer is present. Indium will wet and flow 
on gold and copper platings at temperatures well be-
low that required for wetting on germanium. 

2. The shape of the junction area is readily varied. 
For example, rectangular or elongated junction areas 
may be made in this way for special applications. 

3. Another controlled parameter is in  into 
the alloying plus diffusion process. It is known from 
general metal studies that the presence of a small 
amount of a third metal in an original two-metal alloy-
ing region affects relative solubilities. It is possible to 
inhibit the solution of one metal into another by the 
addition of a small amount of a third metal. Experi-
mental evidence inditates that the allot Mg of ger-
manium into imlium is retarded to a considerable ex-
tent by the plated layer. Formation temperatures mav 
be raised as much as 50 per cent above those used in 
ordinary alloying and diffusion investigations without 
detrimental alloying effects. This retardation of alloy-
ing opens new possibilities in the formation of junctions . 
by diffusion. 

RESULTS 

Rectification characteristics on junctions made as 
above, and one-half square millimeter in area, generally 
show of the order of an ampere forward current at 1 
volt and only a few microamperes back current at the 
same voltage. At' impedance in the reverse direction at 
1 to 2 volts is its high as 10 megohms in the best units. 
Transistors made with a junction on each side of the 
wafer have forward junction currents limited by the base 
resistance and yield results comparable with those ob-
tained by other techniques. 

Lifetime of Injected Carriers in Germanium* 
D. NAVONt, R. BRAYt, AND H. Y. FANt 

Summary—A method is described for the determination of the 
lifetime of injected carriers in a semiconductor by measuring the 
variation of the sample conductance after a voltage pulse has pro-
duced excess carriers. Volume and surface recombinations are sepa-
rated by varying the sample dimensions. It is shown that carefully 
etched surfaces give very small surface-recombination velocity. The 
lifetime in high-resistivity germanium does not correlate critically 
with the resistivity, but can be changed greatly by heat treatment. 
Quenching from temperatures above 500°C reduces the lifetime 
drastically before the resistivity is appreciably affected. Preliminary 
measurements on some N-type as well as P-type germanium sam-
ples at low temperatures indicate that the lifetime first decreases 

upon cooling from room temperature, but the N-type samples at 
liquid nitrogen temperatures show a rapid decay of excess conduct-
ance superimposed on a much longer decay. 

* Decimal classification: R282.12. Original manuscript received 
by the Institute, July 18, 1952. Supported by a Signal Corps Con-
tract. 

Physics Dept., Purdue University, Lafayette, Ind. 

INTRODUCTION 

/N A SEMICONDUCTOR the electric current is carried by free electrons in the conduction band 
and holes in the highest filled band. An ideally in-

trinsic semiconductor has an equal concentration of free 
electrons and holes. Because of the presence of impuri-
ties a semiconductor may have electrons (N-type) or 
holes (P-type), prevalently; whichever of the carriers 
has the larger concentration is referred to as the ma-
jority carrier while the other is called the minority car-
rier. The equilibrium concentrations of electrons and 
holes at a given temperature will be called the "normal 
concentrations." When there is an excess due to injec-
tion or light excitation over the normal concentration, 
there will be a net rate of hole-electron recombination 
due to the processes restoring equilibrium. The excess 
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concentrations of holes and electrons are usually present 
in equal amounts, owing to the tendency of a conducting 
.material to preserve electrical neutrality. If the excess 
concentrations are small compared to the normal con-
centration of the majority carriers, then the net rate of 
hole-electron recombination will be proportional to the 
excess concentration of the minority carriers, which will 
decay according to exp ( — t/r). The factor r is called 
the lifetime of the minority carriers, which is an im-
portant factor in the operation of semiconductor de-
vices, in particular the transistor. 
Measurement of the lifetime involves the production 

and the subsequent detection of an excess carrier con-
centration in the semiconductor. Excess carriers can be 
produced by injection at metal point contacts or p-n 
junctions and by light excitation. They are usually de-
tected with the aid of a point-contact collector or a p-n 
junction.l." In the experiments reported here the excess 
carriers are detected by simply measuring the change in 
conductance of the sample upon injection and follow-
ing its decay in time. Special detection arrangements are 
dispensed with and their characteristics are not involved 
in the measurement. It was found early by one of the 
authors that hole injection into N-type germanium' as 
well as electron injection into P-type germanium' can 
be produced through large-area soldered contacts. (In-
jection can also be obtained in germanium samples with 
rhodium-plated contacts.) Thus for the sake of sim-
plicity no special emitter is used. The sample to be 
measured has only to he provided with a lead soldered 
to each end or be plated at the two ends for the applica-
tion of pressure contacts. The circuit can, however, be 
easily modified to provide for the injection by a special 
emitter to separate the sweeping field from the injec-
tion field. The following is a description of the circuit 
employed, followed by a discussion of some of the results 
obtained so far: 

M ETIIOD 

Fig. 1 shows the circuit used. The pulse generator 
consists of a pulse-forming network keyed by a hydrogen 
thyratron. A rectifier X1, biased with a battery .83, is 
placed in the output to cut off the bottom of the pulse 
in order to eliminate ripples. The pulse is applied to the 
germanium sample which is in the form of a rectangular 
block. The resistance of the samples is usually of the 
order of 100 ohms. A pulse duration Tp= 10 µsec is 
used. This applied pulse injects and spreads excess 

' W. Shockley, "Electrons and Holes in Semiconductors," D. Van 
Nostrand Co., New York, N. Y., pp. 60-66; 1950. 

2 F. S. Goucher, "Measurement of hole diffusion in n-type ger-
manium," Phys. Rev., vol. 81, p. 475; 1951. 

3 F. S. Goucher, G. L. Pearson, M. Sparks, G. K. Teal, and W. 
Shockley, "Theory and experiment for a germanium p-n junction," 
Phys. Rev., vol. 81, p. 637; 1951. 

R. Bray, "Dependence of resistivity of germanium on electric 
field," l'hys. Rev., vol. 76, p. 152; 1949. 

6 R. Bray, "The barrier layer on p-type germanium," Phys. Rev., 
vol. 76, p. 458; 1949. 

carriers into the sample. The pulse height V, is usually 
adjusted so that the injected carriers drift the full 
length L of the sample; thus E,= where 12 

is the mobility of the injected carriers. For an N-type 
sample, L,--,1cm, V„ is volts. The pulse repetition 
rate is kept low, 25 per second, in order to prevent heat-
ing the sample. Also measurements with different V,, T, 
and different repetition rates confirm that there is no 
appreciable temperature fluctuation during the on and 
off periods to affect the results of the measurements. 
To measure the R of the resistance sample, a small 

direct current is maintained by battery B in series 
with a resistor Ri>>R which keeps the current through 
the sample essentially constant, independent of small 
changes of R. The voltage across the sample is divided 
between the resistor R2>>R and biased rectifier tube 

Fig. 1—Schematic diagram of the electronic circuit for the measure-
ment of the time decay of excess conductance of a sample, pro-
duced by pulse-injected carriers. 

X2. During a pulse the large voltage across the sam-
ple appears mainly across X2, whereas in the pulse-
off period the small dc voltage Vd e across the sample 
appears across R2. By a high-speed Tektronix oscillo-
scope one observes this latter voltage which, because of 
constancy of current, is proportional to the resistance 
of the sample. Figs. 2 and 3 show some typical pulse 
patterns appearing on the oscilloscope. By studying 
the variation of this resistance with time, one can de-
termine the decay rate of excess carriers AN in the 
sample since it will be shown that AR ec AN. A small dc 
voltage is always present across the sample. This pro-
duces an electric field which tends to sweep carriers out 
of the sample after the injecting pulse, which sweeps 
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Fig. 2—Photograph of a pulse pattern appearing on the ,,,, 
shown schematically in Fig. 1. The pulse at the left is due to the 
injecting pulse which is clipped by the biased rectifier tube X2. 

The pips at the beginning and end of the pulse are due to the 
capacitance of the rectifier. The decay curve following the pulse 
shows voltage variation across the sample due to the decay of 
excess carriers. The sample used was single-crystal N-type ger-
manium, p7 ohm-cm, (0.10X0.47X1.12)cms, with ground 
surfaces. The time intervals indicated by the markers are 5p 
sec/division. The measured lifetime of the sample is 15 Asec. 

them in, falls to zero. Carriers are being lost not only 
due to recombination but also because they are con-
tinually being swept out; the resulting decay curves 
then observed are not strictly exponential. A formula-
tion will be made to take into account this "sweep-out," 
enabling us to compute the recombination rate directly. 
Before injection, the dc field in the germanium E. is 

constant and given by Vo/L. At the end of the pulse 
some excess carriers are left in the sample and E. 
may vary with x, the distance along the sample from 
the injecting end. If the excess carrier concentrations 
are everywhere small compared to normal concentra-
tion of the majority carrier, then change in resistance 
of the sample AR will now be shown to be proportional 
to the total number of excess carriers in the sample 
irrespective of their spatial distribution therein. 
Neglecting the diffusion effect, the current density is 

always 

ix =  Ahnh)Ex, 

where e is the magnitude of the electron or hole charge, 
and tth are the mobilities, and n. and nh are the con-

centrations; subscripts e and h refer to electrons and 
holes, respectively. 

Because of the presence of an excess concentration of 
holes Ank and electrons An1 over the equilibrium values, 
let 

n.(x, y, z) = n.0 + An4 

nh(x, y, z) = no Anh 

Ex(x, y, z) = Exo = VddL   

where Vdc/L is the average field. 
One then obtains for the new current density 

ie = e A.(nio -I- an.) ± Ph(nho  Anh)1[Eso 

Fig. 3—Photograph of a pulse pattern for a sample of single-crystal 
N-type germanium, p=25 ohm-cm, (0.20 X0.22 X0.44) cm', with 
etched surfaces. The time intervals here are 25 p sec/division. 
The measured lifetime of the sample is 80 As sec. 

Integrating this over the volume of the sample, we get 

I .L = e f {µ,(n,f, + An.) 
a 

Azo(nho + A fl) [E 0 LIE]dxdydz, 

where I, is the current. 

For AE,<<Vdc/L and An.= [Ink= An<<n  where no is 
the normal concentration of the majority carrier (as-
suming N-type germanium), we get, by neglecting 
second-order terms, 

I .L = GoVd,L  et'd, (i4 + ph) f Andxdydz 

c(men,0  Aihnho) f dy f dz[ f  Ldx,A E.] • 
0 

GO is the normal conductance of the sample. Thus since 
the integral foLdxAR, vanishes 

elide 
I.L = GOVdL ± (Me ± /LOAN, 

from which we get for the change in conductance 

AG = — (µ,  ;LOAN. 
L2 (1) 

Since for the case under consideration AG<<G0, we have 

AR (- —I)2=   — AG 
\G0/ 

= [ e ( _ 

GI L )2 (14  ±  
(2) 

Thus the variation of Vd„ which is proportional to R, 
gives the decay rate of AN, the total number of excess 
holes or electrons in the sample. 



'1952  Navon, Bray and Fan: Lifetime of Injected Carriers in Germanium 1345 

If 

As we previously stated, in order to determine the 
hole-electron recombination rate within the sample a 
formulation must be made which corrects for the sweep-
ing out of excess carriers by the measuring current. Let 
us consider the case of the injection of holes into an N-
type sample. At the end of the pulse of duration T, the 
carriers have penetrated a distance d =phE,T, into the 
sample, E, being the field in the sample due to the pulse. 
In case d is larger than the length of the sample L, it 
should be replaced by L in the following consideration. 
The average concentration of excess holes over a cross 
section at the end of the pulse (t =0) is given by 

An = Ano exp ( — x/phE,r),  (3) 

where x/AE„ is the time elapsed since the injection of 
the holes found at the cross section x, and r is the life-
time. An decays by recombination according to 
exp (-11r), and at the same time the whole distribu-
tion of excess holes is moved back toward the injection 
end at a velocity Als Edc, Eac being the field due to the 
dc bias supplying the current for measurement. There-
fore, the total number of excess holes in the sample at 
time 1, when the hole distribution is moved back by a 
distance d' = Edct and independently the excess car-
riers at any place have decayed exponentially in time, is 
given by 

AN(1) = ilAno exp (— x/AhE,T)] exp ( — t/r)dx  (4) 
fd, 

= AETI012,,E,r [ exp ( — Ed,t/Eir) 

— exp ( - 'VT)] exp ( — 

A being the cross-sectional area of the sample. In prac-
tice E,>>Edc, E, being of the order of 50 volts/cm 
whereas E. is a fraction of 1 volt/cm. Furthermore, on 
account of the factor exp ( — t/r), the values t of inter-
est are not many times larger than r. Therefore, 
(EdctlE,r)<<1, and we have approximately 

AN(t) = A765topAE,7[1 — (Edct/E,r) 

— exp (— T,/r)] exp ( — t/r). 

For lifetimes r>> Ty= 10 µsec, the same approximation 
can be made for exp ( — T„/r), and we get 

AN(t) 
— [(7n-mo)(AtikEpT,)] exp (— Sir) 

— Edet/E,T,1 
(5) 

= [No] exp (— r/r). 

No represents the total number of excess holes in the 
sample at the termination of the injecting pulse if no ap-
preciable recombination takes place during the pulse. 
On the other hand, for values of r Tv, (Eact/E,,r) is 
completely insignificant compared to the time inde-
pendent terms inside the bracket, and the approxima-
tion becomes 

AN(/) = [ [A 1;04 411[ 1 — exp (— Tp/T)] I exp( —  1/7) 

= const exp (— t/r).  (6) 

We see in (5) that the decay of AN is not a simple ex-
ponential function of time if r is >> Tp. For long r, many 
carriers are swept out of the sample during the time of 
measurement. The deviation due to the sweep-out effect 
is larger the greater (Ede/4). This is borne out by the 
experimental observations. When different values of 
(Ede/4) are used on large r samples, the observed 
Vac decay curves take on different shapes, becoming 
clearly nonexponential as the ratio (E,,/E,) is increased. 
But all the curves yield the same value for r when inter-
preted according to (5); straight lines with the same 
slope are obtained if ln[AVdc1(1—EactlE,T,)] is plotted 
against S. For rZ 7'„ the decay curves are observed to 
be exponential as predicted by (6). 

RESULTS 

A. Surface-Volume Recombination 

It has been shown' that excess carriers not only re-
combine within the volume of the sample but also at 
the surfaces with a rate dependent on the condition of 
the surfaces. It is then necessary to separate the two 
effects in order to study the factors influencing either 
one process. In order to do this the variation of the life-
time of injected carriers was studied systematically as a 
function of the dimensions of the sample for various 
surface conditions. The sample used was N-type, single-
crystal germanium resistivity p =19 ohm-cm at room 
temperature with dimensions 0.371 X0.737 X0.787 cm3. 
A measurement of the lifetime of injected holes was 
made both with the sample surfaces roughly ground' 
and with the surfaces carefully etched.' The sample was 
then ground down to various dimensions and the life-
time was measured at each stage with ground and 

TABLE 1 

(2B X 2C) (cm Xcm) 

0.371 X0.737 
0.297 X0.730 
0.202X0.716 
0.124 X0.708 
0.100X0.705 
0.080 X0.6 
0.075X0.48 
0.071)(0.48 
0.061 X0.48 
0.053 X0.48 
0.036 X0.48 

rg(µ sec) 

144 
120 
78 
24 
16.5 
11.0 
10.3 
9.2 
7.6 
6.0 
3.1 

T.(M sec) . 

280 
270 
340 
300 
290 
310 

280 
330 

235 

etched surfaces. Table I lists the lifetime values ob-
tained in this way, where r, represents the measured life-
time with the surfaces ground and re with the surfaces 
etched. The injecting voltage was chosen so that the 
holes would drift over the full length of the sample. 

• The surface was ground with 600 carborundum powder. 
7 Purdue etch (1-1110s-f-HF-r-Cu(NOs)14-H80) was used. The 

sample was washed in water and acetone after each etch. 
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The measured life, r, can be written' 

1  1  1 

T  r.  T. 

where 1/re is the bulk recombination rate and 1/r. is 
the recombination rate due to surface effects. I /r. is 
determined by the cross-sectional dimensions of the 
sample (2B X 2C) and its surface condition, according to 

1 
=  4 Dh r 712  3-2 1 1 

Ta L(2 B) 2 +  (2 0 2 

(7) 

(8) 

where D 4 is the hole diffusion constant and n and r are 
given by 

SB  SC 
= 71 tan n;  = r tan 

D4 Dh (9) 

Here S is the so-called surface recombination velocity. 
Fig. 4 gives the plot of 1/r, measured with ground 

surface, against [2/(2B)2+  1-22//((22C)22]]  ) for two different 
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Fig. 4—Plot of the hole-electron recombination rate measured with 
ground surface against the factor fq2/(2B)21-E2/(2C)2]. The black 
solid dots are for S/Dh= SO  while the open circles are for S/Dh 
=400 cm-i. The latter points follow approximately the straight 
line shown. The slope of this line gives Dh=55 cm/sec' and 
S=2.2 X104 cm/sec for the ground surface. 

assumed values of S/Dh. The points do not follow a 
straight line for S= co. A good fit is obtained for 
S/Dh =400 cm-'. The slope of the straight line gives 
Dh=55 cm2/sec which is somewhat higher than the 
usual values reported. This is likely due to the in-
accuracies in such estimation. The S value for the 
ground surface is then 2.2 X104 cm/sec. The ordinate 
intercept indicates a bulk lifetime of approximately 400 
lasec. 
From Table I it is apparent that the etched-surface 

lifetime does not vary with the dimensions of the sample 
until perhaps its small dimension is 0.05 cm or less.8 

The scattering of the re values is probably due to the, 
experimental error involved in making these measure-
ments. To insure that a good (low S) surface was ob-
tained each time, the sample was re-etched (2 minutes 
per etch) a few times until a constant value of measured 
re was reached. Since this measured lifetime is inde-
pendent of the dimensions of the sample over a wide 
range of thicknesses, it must be the volume lifetime. 
The effect of surface recombination must be unim-
portant in this case. For small surface recombination 
velocity, (2) reduces to 

= 2s  I ± 

T. (2B)  (2C) 

From this it can be shown that the surface-recombina-
tion velocity for our etched surfaces cannot be greater 
than 100 cal/sec. This is much lower than values 
previously reported for etched surfaces.' 
Using samples with carefully etched surfaces and 

adequate (based on the previous measurements) di-
mensions, the bulk lifetime of germanium of various re-
sistivities and from different melts was studied. The 
results seemed to indicate that the volume recombina-
tion rate was not very sensitive to the resistivity of the 
sample. For example, samples from different melts of 
approximately the same resistivity had different bulk 
lifetimes. Also heat treatment of samples produced 
manifold changes in bulk lifetime while the resistivit 
hardly varied, as is discussed in the next section. 

(8a) 

B. Heat-Treatment Studies 

The mechanism of hole-eIc( Iron recombination is not 
vet completely understin H I.  Estimations on the basis of 
direct recombination with photon emission' indicate a 
lifetime of the order of one second. Bulk lifetimes no 
longer than several hundred microseconds have been 
observed in this laboratory at room temperature al-
though lifetimes of a few thousand microseconds have 
been recorded in other laboratories. Quenching from a 
high temperature, suggested by Lark7Horovitz, had an 
appreciable effect on the volume recombination rate. A 
study was then begun on the variation of bulk lifetime 
with heat treatment. 
The sample was placed in an eYacuated furnace and 

held at a particular temperature for one hour. Then the 
sample was quenched by permitting it to fall into an 
oil bath at room temperature. Lifetime and resistivity 
were checked at room temperature following each 
quench. A piece of uniform n-type germanium single 
crystal, 23 ohm-cm with a bulk lifetime of 375 psec, was 
quenched from temperatures ranging between 500 and 
590°C. Fig. 5 shows a semilog plot of the bulk recom-
bination rate of the quenched sample as a function of 
the reciprocal of the quenching temperature. Evidently 
additional recombination centers are introduced by 

9 8 Difficulty was experienced in getting nonrectifying contacts an d a H. Y. Fan, Pur due  Sem iconductor  Research  Progress  Report, 
good etched surface on samples of thicknesses of 0.05 cm or less.  p. 6; March, 1949. See also footnote reference 1, p. 69. 
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such treatment which may be defects formed in the 
germanium lattice. Assuming that the equilibrium num-
ber of recombination centers at a heating temperature T 
are "frozen in" by the quench, the number of such 
centers is given by" 

N„ exp ( — / kT), (10) 

•C  550•C 5 6ocec 

VARIATION of BULK LIFETIME 
with 

QUENCH TEMPERATURE 

N-TYRE  GE, P.23 OHM -CM 

6-1519-i Ii0A) 

FROM MELT rE •375µSEC 

AW. 2 8 er. 

(HEATING  TIME 1 MR.) 

1SEC 

16 I 0 120  I 0 

VT x lo3 (°e) 

Fig. 5—The hole-electron recombination rate in a sample after 
quenching from different temperatures as measured with ' care-
fully etched surfaces plotted against the reciprocal of the quench-
ing temperature expressed in degrees K. The slope of the straight 
line a gives I ak I = 2.8 ev. 

where k is the Boltzmann constant and W is the ac-
tivation energy necessary to produce one such recom-
bination center. If we assume that recombination in a 
perfect lattice is very slow, the measured bulk recom-
bination rate, 1/r., should be proportional to N„. The 
slope a of ln(117-.) plotted against 1/T should then be 

W/k. Fig. 5 gives I ak I =2.8 ev. Actually, the time 

1° W. E. Taylor and K. Lark-Horovitz, Purdue Semiconductor 
Research Progress Report; December, 1949. 

(one hour) for which the sample was kept at the various 
temperatures may not have been enough for the equi-
librium to be reached, so that AW may be actually dif-
ferent from this value. Experiments with various heating 
times are being made. However, one conclusion can be 
drawn. Although the lifetime of the sample had changed 
due to these quenches, the resistivity did not vary ap-
preciably. 
If the introduction of recombination centers is a 

thermally reversible effect, one should be able to re-
move these by a proper annealing procedure. This was 
attempted by heating the quenched sample at 475°C 
for 24 hours and cooling it to room temperature in 
about 5 hours. This treatment only succeeded in 
bringing the lifetime back to 200 µsec as compared to 
the initial value 375 µsec. The reason for this is not as 

yet clear. 
Sometimes the lifetime of a germanium sample cut 

from a grown crystal may be increased by annealing 
since the original melt may have been cooled too fast. 
A piece of high-resistivity n-type germanium was cut 
from a single crystal drawn from the melt and given a 
40-hour anneal at 475°C. Measurements were made 
with etched surfaces. Before this treatment the lifetime 
was 430 µsec. kfter annealing, the lifetime had increased 
to 640 µsec with Tio appreciable change in the resistivity. 

C. Low-Temperature Results 

Preliminary studies have been made on the variation 
of lifetime with temperature. One p-type sample, 
p= 17 ohm-cm, and two n-type samples, p =4.5 ar.d 19.0 
ohm-cm, were used. The lifetime as observed both 
with ground and etched surfaces in the p-type sample 
decreased monotonically as the temperature was re-
duced to 100°K. The lifetime in the n-type sample also 
decreased with decreasing temperature until about 
250°K. However, at lower temperatures the decay of 
the excess carriers was no longer exponential. It ap-
peared that a rapid decay was superimposed on a much 
longer decay. At 175°K and lower, the long tail on the 
decay curves indicated that there were excess carriers 
left in the sample long after they should have been 
swept out by the dc bias always present across the 
sample. Some photoconductive measurements were 
made on the n-type samples at different temperatures 
using pulsed white light. The lifetime deduced was in 
qualitative agreement with the above results. These 
investigations are being continued. 
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Silicon P- N Junction Alloy Diodes* 
G. L. PEARSONt AND B. SAWYERt, ASSOCIATE, IRE 

Summary—A new type of p-n junction silicon diode has been 
prepared by alloying acceptor or donor impurities with n- or p-type 
silicon. The unique features of this diode are: (a) reverse currents 
as low as 10-1° amperes, (b) rectification ratios as high as 108 at 1 
volt, (c) a Zener characteristic in which d(log /)/d(log V) may be as 
high ad 1,500 over several decades of current, (d) a stable Zener 
voltage which may be fixed in the production process at values be-
tween 3 and 1,000 volts, and (e) ability to operate at ambient tem-
peratures as high as 300°C. 

I. INTRODUCTION 

SILICON POINT-CONTACT DIODES' were de-
veloped some years ago for use in microwave radar 

receivers and are now in large-scale com mercial 

production. This paper describes the preparation and 

properties of a new type of silicon diode, namely, the p-n 

junction diode prepared by alloying.' The unique fea-

tures of this unit are: (a) extremely low reverse currents 

(of the order of 10-1° amperes), (b) large rectification 
ratios (as high as 108 at 1 volt), (c) ability to operate at 
high ambient temperatures (rectification ratios as high 

as 10° at 100°C, 10' at 200°C, and 10 at 300°C), (d) a 

flat Zener characteristic over several decades of current 

(for reverse voltages above a given critical value 

/ = K 17" with n as high as 1,500), and (e) ability to op-
eratc usefully at frequencies up to 20 mc, in contrast to 

the microwave frequencies for point contacts. 
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Fig. 1—Current versus voltage characteristics of a commercial silicon 
point contact diode and a silicon p-n junction diode prepared by 
alloying. 

Fig. 1 compares the dc current voltage characteristics 

of a typical commercial point-contact silicon diode with 

those of an experimental model alloyed silicon p-n junc-

tion diode. Many of the unique features of the newly 

developed unit are clearly evident in this plot. 

The growth of single-crystal silicon p-n junctions from 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 18, 1952. 
t Bell Telephone Laboratories, Inc., Murray Hill, N. J. 
J. H. Scaff and R. S. Ohl, "Development of silicon crystal recti-

fiers for microwave radar receivers," Bell Sys. Tech. Jour., vol. 26, 
p. 1; January, 1947. 

A preliminary account of the material described here was pre-
sented at the A.P.S. meeting in Washington, D. C., May, 1952. 
G. L. Pearson and P. W. Foy, "Silicon p-n junction diodes prepared 
by the alloying process," Phys. Rev., vol. 87, p. 190; July, 1952. 
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a melt has recently been described by Teal and Buehler.' 

The electrical properties of these diodes as reported by 

McAfee and Pearson' are quite similar to those de-

scribed in this paper; p-n junction diodes prepared from 

single-crystal germaniu m as pulled from the melt have 

been described by Pietenpol" and germaniu m p-n junc-

tion diodes prepared by a diffusion process have been 

described by Hall and Dunlap.' Both types of german-

iu m diodes have many useful properties, but the silicon 

units described here have many advantages which may 

be accounted for in part by the wider energy gap in sili-

con (1.12 electron volts as compared to 0.75 electron 

volts in germanium). In particular, silicon diodes have 

lower reverse currents, higher rectification ratios, and 

can operate at much higher ambient temperatures. 

It. PREPARATION OF SILICON p-n JUNCTIONS 
BY ALLOYING 

The p-n junctions are prepared by alloying donor- and 
acceptor-type electrodes to a homogeneous silicon crys-

tal of either n- or p-type (for the present discussion we 

will assume an n-type crystal). The electrodes can be 
attached to the silicon crystal by heating the crystal 

and then bringing it in contact with the metals to which 

Fig. 2—Photograph of silicon diodes. (a) A commercial point-con-
tact unit. (b) and (c) Developmental models of p-n junction 
diodes prepared by alloying. 

it will alloy. A large variety of metals may be alloyed 

in this manner; but to prepare a p-n junction diode from 

n-type silicon we choose a metal such as aluminu m 

from the third column of the periodic table. We believe 

that the p-n junction is grown by deposition from the 

8 G. K. Teal and E. Buehler, "Growth of silicon single crystals 
and of single crystal silicon p-n junctions," Phys. Rev., vol. 87, p. 
190; July, 1952. 

K. B. McAfee and G. L. Pearson, "The electrical properties of 
silicon p-n junctions grown from the melt," Phys. Rev., vol. 87, p. 
190; July, 1952. 

* W. J. Pietenpol, "p-n junction rectifier and photo-cell," Phys. 
Rev., vol. 82, p. 120; April, 1951. 

R. N. Hall and W. C. Dunlap, "p-n junctions prepared by im-
purity diffusion," Phys. Rev., vol. 80, p. 467; November, 1950. 
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molten-alloy phase during the cooling cycle and is situ-
ated at the interface between the unmelted silicon and 
the frozen-out primary solid solution. To form an 
ohmic or base contact, one should use a metal other 
than one from the third column of the periodic table. 
Fig. 2 is a photograph of three silicon diodes. The unit 

on the left is a commercial point-contact unit manu-
factured by the Western Electric Company. The other 
two are alloyed p-n junctions. The unit in the center has 
wire electrodes and the one on the right is thermally 
coupled to a metal fin to permit greater heat dissipa-
tion. 

III. THEORY OF THE STEP p-n JUNCTION DIODE 
The theory of p-n junctions in semiconductors as de-

veloped by Shockley7 may be applied to alloyed silicon 
diodes. The current-voltage characteristic at not too 
high voltages in either direction is given hv 

I = 10(e-qv ikT — I).  (1) 

where I is the current in amperes per cm', V is the 
voltage across the junction (plus for current in the for-
ward direction and minus in the reverse), q is the elec-
tronic charge, k is Boltzmann's constant, T is the abso-
lute temperature, and /0 is a constant determined by 
the properties of the silicon. It is found that (1) is cor-
rect for forward currents in silicon p-n junctions, but 
that the reverse currents do not saturate as expected. 
This has led McAfee to suggest' that because of the 
short lifetimes of the minority carriers in silicon, the 
reverse current due to carriers generated by traps with-
in the space-charge region is greater than the saturation 
current of minority carriers diffusing into the space-
charge region. This trap reverse current is proportional 
to the width of the space-charge region. 
For units made from n-type silicon, the impurity 

concentrations are step functions (in the sense that the 
change from p- to n-type takes place abruptly within 
the space-charge layer) so that Poisson's equation be-
comes 

cr V /ax2 = 4nqN0/K,  (2) 

where No is the density of excess donor impurities in the 
silicon crystal and K the dielectric constant ( =12.1 for 
silicon). The solution of (2) indicates that for reverse 
biases, the width of the space-charge region is propor-
tional to the square root of the voltage and hence the 
capacity of the junction is inversely proportional to the 
square root of the voltage. 
Fig. 3 is a plot of capacitance as a function of reverse 

bias obtained on a p-n junction prepared from 0.6-ohm 
cm n-type silicon by the methods described above. The 
open circles are experimental points, and they show that 
for reverse biases above 2 volts the relationship is an 
inverse square law, as predicted by theory. At low 
voltages the points fall below the theoretical line because 
of a built-in voltage at the junction of the opposite 

7 W. Shockley, "The theory of p-n junctions in semiconductors 
and p-n junction transistors," Bell Sys. Tech. Jour., vol. 28, p. 435; 
July, 1949. 

polarity. If 0.75 volts are added to each experimental 
point, the solid circles are obtained and they continue 
on the square-law line. This, of course, is a measure of 
the built-in voltage at the p-n junction and agrees with 
the theoretical calculation for 0.6 ohm cm silicon.8 The 
Zener voltage of this junction was 21.5 volts and is indi-
cated by the horizontal line. The maximum field at this 
voltage is 250,000 volts per cm and is in fair agreement 
with Shockley's extension8 of the formulas derived by 
Zener for the field at which tunneling between the 
valence and the conduction bands takes place. The 
measured value of d(log /)/d(log V) in the Zener re-
gion, as shown in the following section, is much higher 
than the theoretical prediction,8 and is not yet under-
stood. 
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Fig. 3—Capacitance versus voltage characteristic for an alloyed 
silicon p-n junction. A dielectric constant of 12.1 and an electron 
mobility of 1,200 are assumed. 

In Fig. 3 the dotted lines obtained from theory indi-
cate the capacity of alloy diodes prepared from n-type 
silicon of various resistivities. Since the critical Zener 
field is a constant for any resistivity material, the 
Zener voltage is directly proportional to the resistivity 
and is given by the intersection of the constant p lines 
with the Zener field line. For n-type silicon, theory indi-
cates that the Zener voltage is 39 times the resistivity 
p in ohm cm and that for p-type material the multiply-
ing factor is 8. The scale at the top of Fig. 3 indicates 
the width of the p-n junction space-charge layer as a 
function of capacity. 

• W. Shockley, "Electrons and Holes in Semiconductors," D. Van 
Nostrand Company, Inc., New York, N. Y., p. 240; 1950. 

9 K. B. McAfee, E. J. Ryder, W. Shockley, and M. Sparks, "Ob-
servations of Zener current in germanium p-n junctions," Phys. Rev., 
vol. 83, p. 650; August, 1951. 
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IV. ELECTRICAL PROPERTIES 

Fig. 4 is a log plot of the current-voltage relation-
ships of two representative silicon junction diodes made 
by alloying. The junction areas of these units are es-
timated at 0.001 cm'. The reverse characteristics show 
very low currents of the order of 10-9 amperes, and 
then an abrupt transition to the Zener behavior wherein 

'000 

100 

0 01i   

Fig. 4—Current versus voltage characteristics of silicon p-n junction 
diodes. A linear relationship between Zener voltage and silicon 
resistivity is shown. 

the current increases at very nearly constant voltage 
over as many as six decades. The ac impedance changes 
from many megohms to values of from ten to a few 
hundred ohms, d(log /)/d(log V) having values as large 
as 1,500. The Zener voltages of the units shown are at 
about 40 and 300 volts. The forward characteristics are 
also shown, making it easy to calculate the rectification 
ratios at 1 volt as about 107 and 105. Possible reasons 
for the differences between these units will be discussed 
in the next section under the heading of Design Theory. 

CURRENT IN AMPERES 

Fig. 5—Current versus voltage characteristics of a silicon p-n junction 
diode at various ambient temperatures. 

Fig. 4 has presented evidence of the low reverse cur-
rents, high rectification ratios, and flat Zener charac-
teristics of silicon p-n junctions. Fig. 5 shows character-
istics of one silicon p-n junction diode at various 
temperatures. The greatest variation with temperature 
is seen to be in the reverse current which increases 
rapidly with increasing temperatures. Nevertheless, in 

this diode the room temperature value of the rever 
current is so low that, in spite of the rapid thermal in 
crease, it • only reaches about 1 #.1a at 200°C. Forward 
current in the diode also increases with increasing tern.. 
perature, but not so rapidly as the reverse. I lence, the 
rectification ratio at 1 volt for this diode decretses from 
about 10° at room temperature to about 104 at 200°C. 
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Fir. 6—Current versus voltage characteristics in the Zener region for 
a silicon p-n junction at various ambient temperatures. 

. The thermal effect on the Zeiler voltage cannot be 
seen in Fig. 5. Hence Fig. 6, a semilog plot of the same 
data arranged to magnify the region around 34 volts, is 
included. Here it can be seen that the Zener voltage 
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Fig. 7—Zener voltage versus ambient temperature for a silicon p-n 
junction. Current held constant at 1 X 10-6 amperes. 

increases slowly with increasing temperature. Fig. 7 
shows that the Zener voltage (taken arbitrarily as the 
voltage necessary to cause 1 laa to flow) varies linearly 
with temperature, and from this it can be determined 
that the change is at the rate of 0.084 per cent per °C, 
within the same order of magnitude as the value of 0.01 
per cent per °C quoted for a VR75 electron tube. 
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The maximum power dissipation in units presently 
lade is from 0.2 to 0.5 watts (viz., Fig: 2(b) and (c)), 
epending on the junction area and on the amount of 
:rovision for removal of heat. The high-frequency cut-
if in units presently made ranges from about 1 to 20 
lc, depending on the capacity in the junction. 
A discussion of the electrical properties of silicon 
unction diodes would not be complete without some 
nention of the chief defects present in some units as 
)resently made. These are two in number and might be 
ailed noise at the Zener knee and "softness" of the 
everse characteristic, or a lack of saturation of the 
.everse current, as shown in Fig. 8. The noise is a phe-
lomenon varying widely from unit to unit, and appar-
•ntly not inherent in silicon junctions since some units 
lad no noise detectable with an instrument sensitive to 
my. On the other hand, some noisy units produced 
Yaks of noise as high as 3 volts (in addition to the 
.7,ener voltage). The noise is almost always limited to 
:he low current region of the Zener characteristic, some-
:imes appear to be "clipped" at a fixed voltage, is 
generally white, and, in some units, is temperature de-
?endent. Noise properties vary so much from unit to 
Ink that many details of behavior in any one unit have 
got been considered significant. There is evidence that 
:wise in some units may be associated with mechanical 
:racks at the junction. 

Fig. 8—Current-voltage oscilloscope traces of silicon p-n junction 
diodes showing: (a) Typical good characteristic; (b) Noise at the 
Zener knee; (c) Softness of reverse characteristic. 

"Softness" of the reverse characteristic means an un-
usual increase in the reverse current before the true 
Zener voltage is reached. This defect can also vary 
widely from unit to unit, and is sometimes improved 
1 after the units have been heated during testing. This 
• defect may be due to leakage conduction around the 
junction, to minority carrier emission in an ohmic con-
s tact, or to various kinds of crystal lattice defects in the 

junction itself. 

V. DESIGN THEORY 

The design theory of silicon junction diodes is still 
in an early stage of development. Nevertheless, some 
• remarks are possible largely on the basis of step p-n 
junction theory. 
Probably the most interesting dependent variable to 

be fixed in designing a silicon junction diode is the 
Zener voltage. Theoretically, this voltage should be the 
voltage just sufficient to bring the maximum electric 
f field within the junction region to the critical value of 
250,000 volts per cm. Thus the relationship of the elec-

P-N Junction Alloy Diodes  1351 

tric field inside the junction to the reverse voltage applied 
externally is critical in determining the Zener voltage for 
that unit. For the case of a "step" junction, wherein the 
transition from n-type to p-type silicon is abrupt, the 
relationship should depend only on the resistivities on 
each side of the junction so that the expected equation 
for Zener voltage becomes 

Vz = 39P. + 8Pn•  (3) 

In the alloy junction cases, the resistivity of the alloy 
doped side of the junction is negligible compared to the 
other, and that term in the equation drops out, leaving 
the theoretical Zener voltage to be a linear function of 
the initial silicon resistivity alone. 
The relationship for n-type silicon with an alloy bear-

ing p-dope, Vz =39p., has been experimentally tested. 
The general trend predicted is present as exemplified 
by the two diodes in Fig. 4; but when a plot of Vz 
versus p,, is made, the points scatter, indicating that 
some other factors besides p must be affecting Vz. 
Nevertheless, fairly good reproducibility of Vz is at-

tainable, as evidenced by an experiment in which 12 
alloy units were made from one slice of silicon (p.=0.5) 
under controlled conditions. The Zener voltages of all 
units were within the range of 20 +0.5 volts or ±2.5 
per cent. 
Another important variable to control is the reverse 

current. This should vary directly with the number of 
traps in the space-charge region (or with the inverse 
square root of the lifetimes of minority carriers). The 
factors leading to "softness" of the reverse characteristic 
mentioned above may cause spurious increases in the 

reverse current. 
The geometry of the junction diode can have an im-

portant bearing on some properties. The area of the 
junction itself is especially important in that all of the 
currents through the junction, forward, reverse, and 
Zener, will vary in proportion to this area. Unfor-
tunately, the capacity of the junction which must be 
minimized if high-frequency service is desired will also 
vary in proportion to the junction area. 
A series resistance due to the bulk silicon resistivity 

may become appreciable compared to the forward and 
Zener resistances of the junction, especially when re-
sistivities are high. This is controlled by the areas of the 
ohmic contacts, their distances from the junction, and 
by the silicon resistivities. 
Even though development work is still in an early 

stage and the present picture of silicon junction diodes 
is a preliminary one, the data at hand suggest that there 
should be many uses for these diodes. They will prob-
ably fall under the general headings of rectifiers, voltage 
regulators, switches, and photodiodes. 
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A Developmental Germanium P- N-P 
Junction Transistor* 

R. R. LA W, SENIOR MEMBER, IRE, C. W . MUELLER, SENIOR MEMBER, IRE, 
J. I. PANKOVE (PANTCHECHNIKOFF), ASSOCIATE, IRE, AND L. D. ARMSTRONGt 

Summary—A developmental germaniump-n-p junction transistor 
that may be readily made in the laboratory by alloying indium into 
opposite faces of a wafer of single-crystal n-type germanium is de-
scribed. It is shown that this laboratory technique gives experimental 
transistors with desirable characteristics. Distribution curves of 
measured characteristics are given for a typical run of 118 units made 
and tested under similar conditions. Power gains up to 46 db, "alpha" 
up to 0.997, and noise factor (1 kc) as low as 6 db were achieved. 

I. INTRODUCTION 

HE MASS OF LITERATURE that has so far 
appeared describing the junction transistor is 
largely concerned with the theory of its operation 

and its circuit aspects. Very little has been written that 
might be of aid to the engineer interested in making 
experimental quantities of junction transistors in the 
laboratory. This paper is intended to help fill this gap. 
A p-n-p junction transistor that may readily be made 
in the laboratory is described; the techniques of making 
the junctions by alloying indium into opposite faces of a 
wafer of single-crystal n-type germanium are outlined; 
and a detailed account is given of the performance of 
transistors made in this manner. 
The physics of the junction transistor has been de-

scribed in detail by Shockley, Sparks, and Teal,' and by 
Shockley.' The circuit properties of the junction trans-
istor have been outlined by Wallace and Pietenpol.3 The 
use of diffusion in the preparation of p-n junctions has 
been described by Hall and Dunlap," and p-n-p junction 
transistors made by diffusion have been described by 
Saby.' It will be assumed that the reader is familiar 
with this literature, and the analysis of the principles 
underlying transistor operation will not be repeated. 
The present work will begin with a description of a 
specific developmental germanium p-n-p junction trans-
istor that has been found to have useful characteristics. 

II. DESCRIPTION 

The transistor here described is shown in two stages 
of assembly in Fig. 1. The "standard size" lead pencil 

* Decimal classification: R282.12. Original manuscript received 
by the Institute, August 4, 1952. 

RCA Laboratories Division, RCA, Princeton, N. J. 
' W. Shockley, M. Sparks, and G. K. Teal, "P-n junction tran-

sistors," Phys. Rev., vol. 83, pp. 151-162; 1951. 
2 W. Shockley, "Electrons and Holes in Semi-conductors," D. Van 

Nostrand Co., New York, N. Y.; 1950. 
3 R. L. Wallace and W. J. Pietenpol, "Some circuit properties and 

applications of n-p-n transistors," Pnoc. I.R.E., vol. 39, pp. 753-767; 
1951. 

R. N. Hall and W. C. Dunlap, "P-n junctions prepared by im-
purity diffusion," Phys. Rev., p. 467; 1950. 

J. S. Saby, "Recent developments in transistors and related de-
vices," Tek-Tech, vol. 10, p. 32; December, 1951. 

points to the unit before it is potted. The thin germ 
nium wafer and one of the hemispherical indium-germa 
nium alloy electrodes may be seen. The germanium wafe 
is mounted on the middle lead of the stem. Connectioft 
to the indium-germanium alloy emitter and collect° 
electrodes are made by wires soldered to the alloy an 
spot-welded to the outer leads of the stem. For protec 
tion the completed unit is embedded in a light-proo 
water-resistant plastic. 

Fig. 1—Two stages in the assembly of a developmental germanium 
p-n-p junction transistor. 

The junctions are made by alloying indium into op-
posite faces of the germanium wafer. The interaction of 
the indium with the germanium during processing at a 
temperature above the melting point of indium and be-
low the melting point of germanium can be deduced from 
the indium-germanium phase diagram' shown in Fig. 2. 
As germanium dissolves in the molten indium, the melt-
ing temperature of the solution rises. Initially, the con-

' W. Klemm, del., "Des Verhalten der Elemente der III. Gruppe 
Zueinander, und zu den Elementen der IV. Gruppe. "Zeit. fur Anor-
ganische Chemie, vol. 256, pp. 239-251; May, 1948. 
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entration of germanium in the indium is low and the 
'quid front penetrates rapidly. Later, as the concentra-
ion of germanium increases and the melting point rises, 
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Fig. 2—Phase diagram of the indium-germanium system. 

:he liquid front penetrates more slowly. The end result 
s believed to be shown in the cross-section diagram of a 
:ransistor as shown in Fig. 3. 
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Fig. 3—Variation of impurity-atom concentration in developmental 

germanium p-n-p junction transistor cross section. 

The vertical reference lines show the position of the 
original germanium surface. For clarity, the external 
portion of the indium is omitted. In the alloy region the 
concentration of indium is high and varies slowly with 
distance into the germanium. This alloy contains enough 
indium so that it behaves as a metal rather than a p-

type semiconductor. Deeper in, beyond this alloy re-
gion, the concentration of indium or p-type impurity 
drops rapidly until it is balanced by the n-type impurity 
present in the original germanium crystal. The junc-
tions occur where the concentrations of n-type and p-
type impurities are equal. 
The depth of penetration of the indium is dependent 

on the relative amount of indium as well as on the time 
and temperature. Elementary considerations indicate 
that the longer the time and the higher the temperature, 
the greater will be the penetration. That the relative 
amount of indium must also play a part will be evident 
from the following. If there is much indium, the ger-
manium concentration in the indium melt will remain 
low and essentially unchanged during the process. The 
rate of penetration will be essentially characteristic of 
pure indium dissolving pure germanium at the tempera-
ture in question. If there is little indium, the germanium 
will rapidly saturate the indium and the rate of pene-
tration must rapidly decrease. In general, excessive 
heating or too much indium causes the indium alloy to 
completely penetrate the germanium, thus causing an 
emitter to collector short circuit. Too little heating or 
too little indium results in widely spaced or inferior 
junctions and best transistor operation is not obtained. 
Between these extremes, excellent results are possible. 
During the heat treatment some of the indium dif-

fuses and evaporates over the surface of the germanium. 
This surface layer ordinarily bridges the junctions and 
would substantially short circuit them if it were not re-
moved as by etching. When this surface layer is properly 
removed, the junctions exhibit the desired properties. 
With the mounting technique shown, the forward cur-
rent is limited chiefly by the ohmic resistance of the base 
and the leads; the backward current is less than 10 
Aia at 6 volts. This dc conductance should not be con-
fused with the ac conductance. Because of the change 
in slope of the current-voltage curve, the ac and dc 
properties may be quite different. At normal operating 
voltage the ac impedance may be several megohms in 
the reverse direction. 

III. RESULTS 

Much information about the low-frequency proper-
ties of a transistor can be obtained from a suitable set 
of static characteristics. In the past it has been the 
practice to present static characteristics of the kind 
shown in Fig. 4. Such characteristics are useful for the 
point-contact transistor as indicated by the family to the 
left, but have very little value for the junction trans-
istor as indicated by the family to the right. With a 
good junction transistor the collector current is very 
nearly equal to the emitter current and the slope of the 
curves becomes very small. For this reason the set of 
static characteristics shown in Fig. 5 is preferred. The 
reader should be reminded that the less sharp knee in 
the output characteristics in the new presentation is not 
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Fig. 4—Static characteristics of a point-contact transistor and a developmental germanium p-n-p junction transistor. 1. is the emitter cur-
rent. (a) Curves for I. =- 0 to I. = 1 ma in 10 equal steps. Characteristics of a typical point-contact transistor. (b) Curves for I, = 0 to /. = 3 
ma in 10 equal steps. Characteristics of a typical junction transistor. 
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Fig. 5—Characteristics of a developmental germanium p-n-p junction transistor with base ipput connection. 4 and 174 are base current and 
base voltage, respectively. (a) Input characteristic. Curves from V,=0 to Vc= —10 volts m10 equal steps. (Last 8 coincide.) (b) Transfer 
characteristics. Curves for 4=0 to 4.= —30 ita in 10 equal steps. (c)Output characteristics. Curves for 4=0 to /.= —30 iaa in 10 equal 
steps. (d) Output characteristics. Curves for Vb = —40 to —140 my in 10 equal steps. 
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an indication of a poor transistor. Actually, the same 
junction transistor was used for both these presenta-
tions. The difference arises from the better inspection of 
their properties provided by the new presentation. 
Curves of this sort can be readily traced out on an oscil-
loscope and photographed with an automatic curve 
tracer, as was done for these figures. However, if the 
small-signal properties are to be determined accurately, 
it is necessary to measure them directly. The power 
gain of junction transistors, their circuit parameters 
and noise factor can be measured by apparatus of the 
same nature as used for point-contact transistors. 
It is beyond the scope of this paper to describe the 

techniques for making these measurements but, because 
the properties of the transistor may vary with the oper-
ating point, it is appropriate to suggest practical test 
conditions and indicate the results to be expected. 
For many applications the base-input (grounded-

emitter) connection is desirable. Not only is the power 
gain high, but the interstage coupling problem is simpli-
fied by the fact that the input impedance more nearly 
matches the output impedance. For this reason the 
power gain versus collector voltage data for a typical 
developmental germanium p-n-p junction transistor 
shown in Fig. 6 is given for this connection. The choice 
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Fig. 6—Variation of power gain with collector voltage for a typical 
developmental germanium p-fl- p junction transistor. 

of I. (emitter current) equal to 2.0 ma, a source (input) 
resistance of 500 ohms, and a load (output) resistance 
of 30,000 ohms is arbitrary. These values were selected 
only because they are near the optimum for the present 
transistor. It will be observed that the power gain has 
a broad maximum at a collector voltage of about —4 

volts. 
The collector-to-base current gain, 

art =  —arc/alb' V,..cona tem 

as a function of emitter current for a typical develop-

mental germanium p-n-p junction transistor, is shown 
in Fig. 7. The choice of 17. (collector voltage) equal to 
—6.0 volts (with respect to base) is also arbitrary. It 
will be observed that the collector-to-base current gain 
has a broad maximum at an emitter current of 1 to 3 ma. 
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Fig. 7—Variation of as (collector-to-base current gain) for a typical 
developmental germanium p-n-p junction transistor. 

The variation of noise factor with collector voltage 
for a typical developmental germanium p-n-p junction 
transistor is shown in Fig. 8. It will be observed that 
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Fig. 8—Variation of noise factor with collector voltage for a typical 
developmental germanium p-n-p junction transistor. 

INPUT 560.n. 

17 = — l volt near the optimum collector voltage. Fig. 9 
shows the variation of noise factor with collector cur-
tent for the same transistor. It will be observed that 
I.=1 ma is near the optimum emitter current. 
The present developmental germanium p-n-p junction 

transistor was not designed for high-frequency opera-
tion, and no attempt was made to control this param-
eter. In evaluating the high-frequency performance of 
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the transistor, it should be remembered that a number 
of cutoff phenomena° influence gain. An important fac-
tor which limits high-frequency performance may be 
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Fig. 9—Variation of noise factor with collector current for a typical 
developmental germanium p-n-p junction transistor. 

evaluated by measuring the collector-to-emitter current 
gain, a„= [—a/c/a/ejvc-00.tant as a function of fre-
quency. The results of this measurement for several 
units which indicate the spread are shown in Fig. 10. 
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Fig. 10—Variation of cre. with frequency for several developmental 
germanium p-n-p junction transistors. 

The variation between units is large and typical values 
cannot be quoted as is possible for the other parameters 
so far discussed. It will be observed that some units 
exhibit usable ac. at 4 mc. Selected units of this kind 
have been demonstrated to give useful gain over the 
broadcast frequency band. 
It is of interest to see how other parameters of in-

dividual transistors made under similar conditions devi-
ate from unit to unit. Although time has not been avail-
able to make a detailed study of the large number of 
laboratory units completed at the time of preparation 
of this paper, routine measurements have been made of 
power gain, noise factor at 1 kc, and collector-to-emitter 

current gain. The variation of these parameters for a 
typical lot of 118 units made and tested under similar 
conditions are indicated in Figs. 11, 12, and 13. 
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Fig. 11  Distribution of 1101h er gain for a typical lot of 118 develop-
0  mental germanium p-n-p junction transistors made and tested un-

der similar conditions. 

Fig. 11 shows the distribution of power gain for the 
lot of 118 units made and tested under similar condi-
tions. The test conditions are V, = —6 volts, I.= 2.0 ma, 
input resistance 500 ohms, and output resistance 30,000 
ohms. This graph shows the number of units having a 
specified gain in each gain interval. Since the gain in-
terval is 1 db, if gain is expressed to the nearest db, 
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Fig. I2 —Distribution of a,. (collector-to-emitter current gain) for a 
typical lot of 118 developmental germanium p-n-p junction trans-
istors made and tested under similar conditions. 

the graph may be read directly. Thus, there were 12 
units having a gain of 37 db, 9 units having a gain of 
38 db, 11 units having a gain of 39 db, and so on. The 
solid curve smoothing out the irregularities represents 
the distribution to be expected if a large number of 
transistors were made and tested in the same manner. 
The peak of the curve occurs between 39 and 40 db. 
It will be observed that approximately 50 per cent of 
the units have a gain within the limits 40 + 2 db. 
Fig. 12 shows the distribution of current gain for the 

same 118 units. The current gain represented here is the 
collector-to-emitter current gain 

= r-aidar.iv,-ennut.mit• 
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The test conditions are Ve= — 6 volts and I.= 2.0 ma. 
As in the preceding case, the height of the bar graph 
indicates the number of units that have a speci-
fied ac. in each a,. interval. Since the ac, interval is 0.01, 
if ac„ is expressed to the nearest second significant figure, 
it may be said that there are 16 units that have an act, of 
0.98, 24 units that have an a,. of 0.97, etc. As in the 
preceding case, the curve smoothing out the irregulari-
ties represents the distribution to be expected if a large 
number of transistors were made and tested in the same 
manner. The peak of the curve occurs for a,. between 
0.97 to 0.98. It will be observed that approximately 50 
per cent of the units have a's within the limits 0.98 
+ 0.02. One unit of this series had an a of 0.997. 
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Fig. I3—Distribution of noise factor for a typical lot of 118 develop-
mental ermanium p-n-p junction transistors made and tested un-
der similar conditions. 

Fig. 13 shows the distribution of noise factor at 1 kc 
for the same 118 units. The test conditions are V, 
-= —1 volt, I„= 1.0 ma, input resistance 560 ohms, and 
output resistance 33,000. The choice of different operat-
ing conditions for measuring noise and power gain 
is arbitrary. It is based on the fact that, for small 
signal operation where noise may be an important 
factor it may be advantageous to lower the collector 
voltage. As in the preceding cases, the height of the bar 
graph indicates the number of units that have a speci-
fied noise factor in each 1-db noise factor interval. If 

noise factor is read to the nearest db, it may be said that 
there are 9 units that have a noise factor of 20 db, 7 
units that have a noise factor of 21 db, 12 units that 
have a noise factor of 22 db, and so on. As before, the 
curve smoothing out the irregularities represents the 
distribution to be expected if a large number of transis-
tors were made and tested in the same manner. The 
peak of the curve occurs for a noise factor of 22 db. 
It will be observed that approximately 50 per cent of the 
units have noise factors within the limits 22 ± 5 db. The 
best unit in this lot had a noise factor o( 6 db. 
It is also of interest to see if there is a correlation be-

tween noise factor and power gain. Fig. 14 illustrates 
this relationship. In this diagram each of the 118 trans-
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Fig. 14—Correlation of noise factor with power gain for a typical 
lot of 118 developmental germanium p-ft-p junction transistors 
made and tested under similar conditions. 

istors of the series is represented by a dot located at the 
appropriate noise-factor and power-gain co-ordinate. 
The conditions used for measuring power gain are 
shown in Fig. 11. The conditions used for measuring 
noise factor are shown in Fig. 13. Although the correla-
tion is not high, the noise factor evidently decreases as 
the gain increases. 
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Fused Impurity P- N-P Junction Transistors* 
JOHN S. SAIM 

Summary—Fused impurity p-n-p junction transistors have been 
made which exhibit the useful circuit characteristics of high-gain, 
low-noise figure and alpha slightly less than unity. Such transistors 
are well adapted for application involving high ambient temperatures 
or high dissipation levels since alpha remains very nearly constant 
up to 120 degrees C and decreases somewhat above this temperature, 

permitting their stable use in emitter-grounded circuits at high tem-
peratures. This is in contrast to junction transistors having high-resis-
tivity collector regions, for which alpha often rises above unity at 
high temperatures leading to circuit instability. Satisfactory operation 
at several watts collector dissipation has been achieved. 

I. INTRODUCTION 

AN ALLOY-DIFFUSION PROCESS for the crea-
tion of p-n junctions in semiconductors has been 
successfully applied' to the fabrication of junc-

tion transistors. The p-n-p fused-junction transistor 
consists of a thin wafer of n-type germanium in which 
p-type regions are created over controlled areas on thz.. 

ri rr'r, 

t  5  (3 

Fig. 1—Developmental forms of fused impurity p-n-p junction tran-
sistors. The power dissipation of one model (both sides shown) is 
aided by the metal-strip construction. 

Decimal classification: R282.12. Original manuscript received, 
July 2, 1952. This work was supported, in part, by the Air Materiel 
Command, the Signal Corps, and the Bureau of Ships, under Con-
tract AF-33 (600) 17793. 
t Electronics Laboratory, General Electric Co., Syracuse, N. Y. 
1 Exploratory developmental transistors of this type were previ-

ously described by the author at the IRE-AIEE Electron Devices 
Conference at Durham, N. H., June, 1951. 

opposite faces by a process described by Hall and Dun-
lap.2 Ohmic contacts are made to the two p-regions 
which serve as emitter and collector, and to the n-type 
base region. Several physical forms of these transistors 
are shown in Fig. 1. 
These p-n-p transistors have the general properties 

originally predicted' for this class of transistors. Slightly 
different boundary conditions apply to these junctions, 
and the design equations,' therefore, differ somewhat 
from Shockley's. The emitter is normally biased posi-
tively, the collector negatively, with respect to the base. 
Except for the reversed polarities, many of the circuit 
properties are similar to those of the n-p-n transistors 
previously described." In addition, there are certain 
properties which are characteristic of the nature of the 
alloy contact junctions. By diffusion of donors into p-
type germanium, it is also possible to make n-p-n tran-
sistors, but the data in this article were obtained ex-
clusively with p-n-p transistors. 

II. ALPHA 

Values of alpha (rwarE)v, less than unity can he 
obtained from 0.8 to greater than 0.99. The physical 
factors controlling alpha may be summarized by the 
relation"." a =70a*, where -y, the emitter injection ef-
ficiency, is improved by the extremely high acceptor 
density in the converted emitter region, so that -y can 
he very close to unity. 

The factor /3, the fraction of the emitted minority car-
riers which survive transport through the base region 
and are collected, is nearly unity (sech IV/L8), provided 
the base thickness IV is much smaller than the normal 
diffusion LE for the minority carriers in the base, for 
a one-dimensional transistor as assumed in the theory. 
The actual value of (3 in a transistor with projecting 
edges will be smaller by the fraction of the injected 
carriers which diffuse sideways and recombine in these 
edge regions. Obviously, germanium surfaces with high-
recombinations velocity are to be avoided, and the col-
lector junction should extend out as far as necessary to 
collect as many of these dispersed carriers as possible. 

Asymmetrical transistors can he used with emitter 
and collector interchanged, but characteristics are 
poorer. However, it is possible to make fused-contact 

2 R. N. Hall and W. C. Dunlap, "P-N junctions prepared by im-
purity diffusion," Phys. Rev., vol. 80, p. 467; 1950. 

3 W. Shockley, "Theory of p-n junctions in semiconductors and 
p-n junction transistors," Bell Sys. Tech. Jour., vol. 28, p. 435; 1949. 

4 E. L. Steele, "Theory of alpha for P-N-P diffused junction 
transistors," Paoc. 1.R.E., vol. 40, pp. 1424-1429; this issue. 

6 \V. Shockley, M. Sparks, and G. K. Teal, "The p-n junction tran-
sistors," Phys. Rev., vol. 83, p. 151; 1951. 

6 R. L. Wallace and W. J. Pietenpol, "Some circuit properties and 
applications of n-p-n transistors," PROC. I.R.E., vol. 39, p. 753; 1931. 
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transistors which are symmetrical with good character-
istics (alpha greater than 0.98) with either dot used as 
collector. The functions of emitter and collector in such 
*transistors can thus be interchanged by merely switch-

ing bias voltages. 
The quantity a*, the intrinsic current multiplication 

at the collector, describes the fact that when holes pass 
from the base region into the collector some conduction 
electrons from the collector region will travel into the 
base region. The quantity a* will be greater than unity 
by the ratio of the latter current to the former. The 
"backwards" collection increases with the number of 
minority carriers present in the collector, and is unde-
sirable in a junction transistor wherever circuit stability 
requires that a remain less than unity. 
The density of minority carriers in the collector re-

gion increases with temperature, but can be minimized 
by the use of very low-resistivity germanium in the col-
lector region. This low-resistivity requirement is auto-
matically met by the diffused impurity junction. 
Temperature-alpha data are shown in Fig. 2 for three 

transistors of different collector resistivity. Due to the 
presence of other variables, these curves are intended 
only to indicate the general trend. Fused contact p-n-p 
transistors have been successfully operated above 140° 
C in circuits requiring alpha less than unity. 

COLLECTOR RE315TIVITY 
I -10 OHM-CM. 
(N-P-N) 

FUSED JUNCTION 
(P-NP) 

TEMPERATURE 

190. 

°C. 

Fig. 2—Alpha versus temperature for three transistors. The collector 
resistivity is known only approximately for the n-p-• transistors. 
For fused-contact transistors, alpha remains nearly constant up to 
temperatures above 100°C and decreases at higher temperatures. 

above 130° C, as shown in Fig. 3. Base resistance rio 

ranges from 100 to 1,000 ohms, depending upon the re-
sistivity of the germanium and the geometry of the 
ohmic base contacts. Emitter resistance r1 varies ap-
proximately inversely with emitter current. At 1 ma, a 
distribution of values of r. from less than 10 ohms up to 

50 ohms is observed. 

III. SMALL-SIGNAL RESISTIVE PARAMETERS 

Values of collector resistances, rc, from several hun-
dred thousand ohms to several megohms are obtained. 
Collector resistance decreases at high-current levels and 
at high temperatures, but may be usably high even 
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TEMPERATURE °C. 

Fig. 3—Collector resistance (avdar)le decreases with increasing 
temperature. This curve is for a fused impurity p-n-p junction 
transistor. 

IV. NOISE 

The noise power per cycle bandwidth varies approxi-
mately inversely with frequency. Noise figures at 1 kc 
(observed at /, =0.5 ma, 17, = 1 volt) lie between 15 db and 
30 db for most transistors, while noise figures below 10 
db have been observed. The noise figure depends some-

what upon operating point.7 

V. COLLECTOR CAPACITANCE 

The collector capacitance varies approximately in-
versely as the square root of the dc collector voltage, as 
may be expected from the nature of the fused-contact 
p-n junction. Values of capacitance from 5 to 100 
may be encountered. At low frequencies, the capaci-
tance increases with increased current. The capacitance 
at zero-emitter current depends almost entirely upon 
the applied voltage and the resistivity of the german-
ium used for the base material, and is almost independ-
ent of the exact nature of the alloy-diffusion region. 

7 E. Keonjian and J. S. Schaffner, An experimental investigation 
of transistor noise," PRoc. I.R.E., vol. 40, pp. 1456-1461; this issue. 
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This is in contrast to collector capacitance behavior for 
previously described transistors,' for which the zero cur-
rent capacitance depends principally upon the impurity 
gradient in the collection junction region and varies ap-
proximately as the cube root of the applied voltage. 

VI. HIGH-FREQUENCY OPERATION 

High-frequency operation depends upon several fac-
tors. Collector capacitance affects the output impedance 
in a manner analogous to the plate capacitance of vac-
uum tubes. There is a transit time effect of carriers 
across the base region which renders alpha complex.' 
The quantity (1 —a) may thus increase noticeably be-
fore a has decreased very much, to the great detriment 
of grounded emitter circuits which require that (1 —a) 
be small. These effects may become noticeable at audio 
frequencies. 

Finally, the magnitude of alpha itself decreases rap-
idly with frequency. The 3-db alpha cutoff frequency 
may range from less than 100 kc to several megacycles, 
and is controlled principally by the base thickness. 
These transistors have been used successfully in oscil-
lator circuits above 1.5 mc, and this does not represent 
a fundamental upper limit. 

VII. HIGH-TEMPERATURE OPERATION 

The operating temperature of the transistor affects 
its characteristics in several ways. The minimum col-
lector current, /co (equal to the "saturation" inverse cur-
rent for the collector junction), increases exponentially 
with temperature. At room temperature, /co may be less 
than 10 µa, but increases to several milliamperes at 
100° C. Increasing the temperature thus results in ad-
ditional dissipative losses which lower the efficiency of 
transistors and make low-level operation less attrac-
tive. In addition, there is more heat to get rid of, and 
less of the allowable dissipation can be usefully em-
ployed. Finally, the decrease in re lowers the power gain, 
although usable power gain can be obtained above 140° 
C, particularly if the grounded emitter connection is 
used, which is possible at these temperatures with fused-
junction transistors because alpha remains less than 
unity. 

VIII. HIGH-POWER OPERATION 

Since these transistors can safely operate in circuits 
with collector voltages exceeding 150 volts, in some in-
stances, the use of these transistors at high-dissipation 
levels is possible provided the high-temperature effects 
are kept in mind. The temperature difference between 
the active region of the transistor and the ambient me-

g R. L. Pritchard, "Frequency variation of current amplification 
factor in junction transistors," PROC. I.R.E., vol. 40, pp. 1476-1481; 
this issue. 

dium must be minimized by proper design, otherwise 
the transistor will be operating under the handicap of 
unnecessarily high-junction temperature. In this con-
nection, plastic encapsulation may sometimes cause 
difficulty. 
Also, even though alpha remains less than unity, 

thermal instability can exist; for if /co increases, the dis-
sipation likewise may increase, causing a temperature 
increase and a further increase of ho, leading to thermal 
runaway. Thus, some safety margin must be allowed. 
However, it is possible to increase the safe dissipation, 
provided suitable current stabilization circuitry is em-
ployed.' 
Fused-contact transistors having active junction area 

of the order of 1 mmg have been operated at more than 
8 watts with forced cooling. Within properly designed 
cases, these transistors have operated continuously with 
a good gain at more than 3-watts dissipation in an am-
bient temperature of 25° C. Dissipations of several hun-
dred milliwatts are possible even in plastic imbedments. 
Higher-power transistors have been made with other 
arrangements of the fused junctions." 
High-power operation can be achieved with good ef-

ficiency by proper circuit design. A transistor mega-
phone" has been constructed using a carbon microphone 
and two transistors, operating upon self-contained bat-
teries, whose output is one-half watt (electrical), power 
at an over-all efficiency of approximately 65 per cent. A 
Class-B push-pull circuit is used which consumes very 
little standby power with the push-to-talk switch 
closed in the absence of sound. 

IX. CONCLUSIONS 

The p-n-p fused-junction transistors have character-
istics suitable for many applications. The characteristics 
are well suited for low-level operation. The insensitivity 
of alpha to temperature changes makes grounded emit-
ter operation feasible above 120° C and permits opera-
tion at relatively high-dissipation levels. 
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Four-Terminal P- N-P- N Transistors* 
J. J. EBERSt, ASSOCIATE, IRE 

Summary—The equivalent circuit of a p-n-p-n transistor is ob-
tined. It is demonstrated that a p-n-p transistor and an n-p-n tran-
stor can be connected so that the combination has the same equiva-

lit circuit as the p-n-p-n structure. A simplified circuit is obtained 
hich can be used when the p-n-p-n transistor is connected as a 
ook-collector transistor. A method of adjusting the current gain of 
-n-p-n transistors by external means is given as well as experi-

iental results. 

INTRODUCTION 

I
i RANSISTORS having a current multiplication in 
excess of unity which employ a hook-collector 
have been previously described by W. Shockley.' 

:le hook mechanism has been verified with a transistor 
laving a p-n-p-n structure similar in principle to that 
hown in Fig. 1(a).2 The p-n junction on the left may be 
tsed as the emitter, the center junction would be the 
ollector junction, and the junction on the right would 
)e the hook. In a recent article' it has been shown that 
he presence of a hook junction increases the collector 
.urrent by a factor 1/1 —an where ah is the alpha of the 
i-p-n structure on the right of Fig. 1(a). This alpha is 
:qual to the electron-emission efficiency of the hook 
unction multiplied by the transport factor for electrons 
Lcross the adjacent p region to the collector junction. 
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Fig. 1—A p-n-p-n transistor and its equivalent circuit. 
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The primary objective of this paper is to show how an 
equivalent circuit for this p-n-p-n structure can be ob-
:ained and to indicate how the components of the equiv-

• Decimal classification: R282.12. Original manuscript received 
)y the Institute, August 19, 1952. 
t Bell Telephone Laboratories, Inc., Murray Hill, N. J. 
' W. Shockley, "Electrons and Holes in Semiconductors," D. van 

Nostrand Co., Inc., pp. 112-113; 1950. 
I Experimental data confirming the theory of hook-collector 

cransistors have been obtained by M. Sparks and L. W. Hussey of 
Bell Telephone Laboratories. 
' W. Shockley, M. Sparks, and G. K. Teal, "p-n junction trans-

kora," Phys. Rev., vol. 83, pp. 151-162; 1951. 

alent circuit are related to the structure. By means of 
this circuit it is possible to demonstrate, from a circuit 
point of view, how the current multiplication is accom-
plished when the p-n-p-n structure is used as a hook-
collector transistor. For this case, the equivalent circuit 
reduces to the one which is ordinarily used for transistors 
having a current multiplication of approximately one as 
well as those having a high-current gain. 

THE EQUIVALENT CIRCUITS 

The junction p-n-p-n transistor is shown in Fig. 
1(a). This representation is conventional, except in the 
following: 

1. Connections are made to all four regions, and 
2. for reasons which will become apparent, both end 
regions have been termed emitters rather than 
calling one the emitter and the other the collector. 

Briefly, then, the structure consists of a three-junction 
device having a hole-emitting junction L, on the left, 
an electron-emitting junction, f a( on the right, and a 
reverse-biased, collector junction, J, in the center. 
A fraction 71 of hi is hole current which is injected 

into region 2, where the value of -yi is dependent on the 
conductivities of regions 1 and 2 as well as L and WA. 
Because of recombination only a fraction gi of this hole 
current reaches the collector junction. Thus the hole 
current which crosses the collector junction is given by 

11 = 71131/.1 =-• (1) 

Similarly, the electron current which crosses the col-
lector junction is given by 

/2 = 7202h2 = add.  (2) 

This leads to the equivalent circuit shown in Fig. 1(b). 
In this circuit it has been assumed that the bulk re-
sistivity of the semiconductor is negligible. Hence, no 
base resistances are shown and ret, ra, and r, are de-
pendent only upon the quiescent and saturation cur-
rents of the three junctions. First-order equations 
relating the components of the equivalent circuit to the 
structure are derived in the Appendix. A more detailed 
derivation is available in the literature.' 
Shockley has pointed out' that the combination of 

a p-n-p transistor and an n-p-n transistor, properly con-
nected, can be made to function in much the same 
way as a p-n-p-n structure. The equivalent circuit for a 
structure such as shown in Fig. 2(a) can be obtained by 
drawing the equivalent circuits of the separate struc-

' See footnote reference 3. 
6 Personal communication from W. Shockley. 
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tures and then connecting them together as shown in 
Fig. 2(b). In this equivalent circuit it is again assumed 
that the bulk resistivity of the semiconductor is zero. 

011(2 

(1) 

Fig. 2—The combination of a p-n-p transistor 
and a n-p-n transistor. 

It is observed that this equivalent circuit is the same 
as that shown in Fig. 1, except that now the two collec-
tor resistances are in parallel, giving an effective collec-
tor resistance 

TO = 
relre2 

rel  re2 
(3) 

A more accurate equivalent circuit for a p-n-p-n 
structure is shown in Fig. 3, where TA and TB have been 
added. No attempt will be made here to 'relate these 
resistances to the geometry of the transistor, but their 
values can be measured for a given transistor. 

Fig. 3—Equivalent circuit of a p-n-p-n transistor. 

THE HOOK-COLLECTOR TRANSISTOR 

If the p-n-p-n transistor of Fig. 1 is used as a grounded-
base, hook-collector transistor, a modified equivalent 
circuit can be obtained with a current generator in 
parallel with the collector resistance which is not de-
pendent upon the collector current. For this case, ter-
minal €2 could be used as the collector, terminal A would 
be the base, and IB would be equal to zero. The voltage 
between terminal (2 and the base is then 

V 22 = 1.22(r22 rc)  re(aliel 021.22), 

which may be written as 

(4) 

17,2 = [(1 — + Era -I- (1 — a2)Tci/a. (5) 

PROCEEDINGS OF THE I.R.E. 

This equation leads to the equivalent circuit shown 

Fig. 4, where 

Novemb 

re' = (1 — u?)re. (6) 

The factor al/1 —a2 is :Lpproximately the alpha of th 
compound transistor.6 A simple explanation of the ef 
fect of a hook is as follows: The holes injected across th 
collector junction by the first emitter produce a voltag 

143%;!<, 

Fig. 4—Equivalent circuit of a hook-collector transistor. 

drop across the second emitter junction which causes 
an electron current to be injected into region (3) by the 
second emitter, the value of which is dependent upon 
the  of the second emitter junction. If the value of a 
is too large for a particular application, it can be de-
creased by adding a resistance between terminals B and 
€2 which effectively decreases the  of the second emitter 
or hook junction. The equivalent circuit for this case is 
shown in Fig. 5, where 

a2 

1 ±  r.2/ Rb 

It is of interest to calculate the reverse collector cur-
rent of a hook-collector transistor with zero emitter cur-

°  

." 2. 

c 

Fig. 5—Equivalent circuit with Rg added to decrease alpha. 

rent. Using the circuit of Fig. 1 with Id = IB =O and as-
suming saturation current I„ is flowing in re, then 

or 

1 e2 = Ica a2I,2 

122 — 
ICS 

1 — a2 

Thus for values of a2 on the order of 0.99, the saturation 
current of the collector might be increased by a factor 
of 100. This assumes that the value of a2 is large for low 
emitter currents, which may not be true; however, in-
creases in the saturation current by factors greater than 
ten have been observed. 

• In the case of the combination of a p-n-p transistor and a 
n-p-n transistor the effective collector resistance is approximately 
(I —at) (r,ir,2/ra-Fra) and the effective base resistance is (I —at) 
(rq'n/r,i+r,.2), which indicates that the circuit is unconditionally 
stable. This fortunate circumstance is attributable to the fact that 
the current injected by the hook junction does not flow through rki. 
These relations will be derived in a forthcoming article by G. Rais-
beck of Bell Telephone Laboratories. 

(8) 

(9) 
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EXPERIMENTAL RESULTS 

The data to be presented here were obtained on a 
)-n-p-n transistor which was actually the combination 
4 an n-p-n transistor having an a of approximately 
).984 and a p-n-p transistor having an a of approxi-
nately 0.920. The collector resistances of these tran-
,istors were sufficiently large for it to be assumed that 
he a's of the equivalent circuit are equal to the alpha's. 
Chen, when the emitter junction of the p-n-p transistor 
s used as the emitter of the composite transistor, the 
.esulting alpha is given by 

0 . 920 
a   = 57.5. 

1 — 0.984 

ks shown in Fig. 6 the value of the composite alpha is 
71, which would correspond to an alpha for the n-p-n 
transistor of approximately 0.987. These values of a 

20 

01  02  05 .1 2 
I, is m0 

I01. 044p • 92 
, a npn. 964 

i 0  20 

Fig. 6—Variation of alpha with emitter current. 

were measured at different opertaing points, and there-
fore the discrepancy is not considered serious. Also 
shown in Fig. 6 are curves of alpha as a function of emit-
ter current for various values of RB connected as shown 
in Fig. 5. It is observed that as I, increases the value of 
alpha increases slowly at first and then quite rapidly. 

, • 

4 --4-- -4  • 

Fig. 7 -Variation of alpha with emitter current. 

This is attributable to the fact that 1,2 increases rapidly 
i with I. and the value of r.2 decreases according to 

1(A-16) of the Appendix. 
Using circuits such as shown in Fig. 7 it is possible to 

. obtain almost any a versus I, characteristic that is de-

sired. As is shown, the addition of a diode in parallel 
with rf2 results in an almost flat characteristic; whereas 
curves in which alpha decreases with I, can be obtained 
by also connecting a resistance in series with rd, as 
shown in the figure. Other nonlinear resistances such 
as thermistors could also be used. 
The variation of alpha with RB for a fixed emitter 

current is shown in Fig. 8. The value of ./co (collector 
current with zero emitter current) as a function of RB 
is also plotted in Fig. 8. An increase by a factor of 20 
is observed for large values of RB, which agrees semi-
quantitatively with (9). 
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Fig. 8--Variation of alpha and collector current 
(zero emitter current) with RB. 
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CONCLUSIONS 

The fact that the combination of a p-n-p transistor 
and an n-p-n transistor can be used in many applica-
tions where a p-n-p-n structure is desired has been 
demonstrated. The dissimilarity in the way that current 
flows in the various regions of the two structures may 
well have a large effect on such factors as frequency 
response and stability. 
The frequency response of hook-collector transistors 

is limited by several factors, the most important being 
the same effect that has been observed in the grounded 
emitter n-p-n of the p-n-p transistor amplifier. It has 
been pointed out that the factor 1/1 —a decreases much 
more rapidly than would be expected because of a 
simple decrease in the magnitude of a since a has a 
negative phase angle associated with it that results 
from transit-time effects.' This becomes important 
when the magnitude of a is nearly unity. In addition, 
it is apparent that the response of a grounded-base, 
hook-collector amplifier stage would be the product of a 
grounded-base stage and a grounded-emitter stage. Be-
cause of the symmetry of both the p-n-p-n transistor 
and its equivalent circuit, it has been suggested that 
this device be called a conjugate-emitter transistor. 
This name becomes particularly appropriate when the 
device is used as a four-terminal transistor in applica-
tions other than a high-current gain amplifier. It has 
also been suggested that the symbol shown in Fig. 3 be 
adopted. 

7 D. E. Thomas, "Transistor amplifier—cutoff frequency," Pam. 
I.R.E., vol. 40, pp. 1481-1483; this issue. 
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APPENDIX 

It is of interest to relate the components of the 
equivalent circuit of Fig. 1(b) to the geometry of the 
p-n-p-n structure. For this reason, the regions are 
numbered and subscripts on subsequent symbols will 
refer to these regions. The assumptions made and the 
symbols used are the same as in the Shockley, Sparks, 
and Teal article, except that, in addition, it is assumed 
that the bulk resistivity of the semiconductor is negligi-
ble in comparison to the junction resistances. It is also 
assumed that the semiconductor filament has a cross-
sectional area A. To a first approximation, the current 
/.1 is given by 

cri2bA r 1  1 
—   

(1 +  La2W A criL,„, J 

or 

•[exp —kqT (V,1 — VA) — 1]  (A.1) 

q 
/el = hie [cxp — (V,i — VA) — 1] p 

kT 
(A.2) 

where it is assumed that WA<<L0 and that the length 
of region (1) is much greater than L.1. The first term 
on the right of (A.1) represents the hole current into 
region (2) and the second term represents the electron 
current into region (1). Usually the definition is made 
that 

hole current of emitter 1 
71 =   

total current of emitter 1 
(A.3) 

or that, after substitution of the values from (A.1), 

'Yt = 
1 

criLni 

For a good emitter, 7 should be nearly unity. 
Because of recombination, not all of the holes 

emitted by Li reach the collector junction. The fraction 
which reaches the collector junction can be shown to be 
given by 

(A.4) 

WA 
= sech 

L 

72 =   (A.10) 

cr4Lp4 

The fraction of the emitted electrons which reach the 
collector junction is given by 

er3 W B 
1 + 

c,2bA r" 1  1  1 
1,2 = 

(1 + b)2 LaliVD (141,,,4 j 

• [exp (VB — 
kT 

or 

V,2) — 1]  (A.7). 

/e2 = — 1,2e [exp q kr/4  V,2) — 1]. 
kT 

As before, the definition is made that 

electron current of emitter 2 
— 

total current of emitter 2 

(A.8) 

(A.9) 

or that, after substitution of the values from (A.7), 

1 

WB 
$2 = sech —  , (A.11) 

and the electron current which flows across the collector 
junction is 

12 = 721321,2.  (A.12) 

The current which flows in the collector junction due 
to the voltage across it is given by 

eri2bA r 1 1  _ 
(1 + b)21_0.211',t 

•[exp kT—q (VB — VA) 

or 

— 1],  (A.13) 

q 
= /,. [exp —kT (V B — VA) —   

The ac impedances r,1, ra, and re can be obtained by 
taking the derivatives of (A.2), (A.8), and (A.14), re-
spectively. They are 

(A.5)  and 

to a first approximation. The hole current which flows 
across the collector junction is 

11 = 71111/.1 = a1/.1.  (A.6) 

Similarly, for the right-hand emitter junction 

kT  1 
= 
q (I,1+ I,i,) 

kT  1 
r.2 = 

q (142 140 

(A.15) 

(A.16) 

kT  1 
= (A.17) 
q (I, ± I,,) 

where Li, /42, and /c in the above three equations are 
the quiescent currents. For this first-order theory, the 
ac values of ai and (hare the same as the dc values. 
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A Unipolar "Field-Effect" Transistor* 
W. SHOCKLEY t 

Summary—The theory for a new form of transistor is presented. 
'his transistor is of the "field-effect" type in which the conductivity 
f a layer of semiconductor is modulated by a transverse electric field. 
Since the amplifying action involves currents carried pre-

ominantly by one kind of carrier, the name "unipolar" is proposed 
a distinguish these transistors from point-contact and junction 
ypes, which are "bipolar" in this sense. 
Regarded as an analog for a vacuum-tube triode, the unipolar 
ld-effect transistor may have a 111µ of 10 or more, high output 
esistance, and a frequency response higher than bipolar transistors 

4 comparable dimensions. 

1. UNIPOLAR TRANSISTOR AND FIELD-EFFECT 
MODULATION 

p
RIOR TO THE INVENTION by Bardeen and 
Brattain of the point-contact transistor at Bell 
Telephone Laboratories, the hope that purely 

electronic amplification might be obtained in semicon-
luctors was strongly bolstered by the concept of the 
'field-effect" amplifier.' The field-effect transistor was 
:onceived as consisting of a thin layer of semiconductor 
ieparated from another conducting electrode by a layer 
f dielectric. A potential applied across the dielectric 
would then charge the layer of semiconductor, and this 
:hange in charge would alter the number of holes and 
electrons available for conduction, thus altering the con-
luctivity of the layer. 
This effect was found to take place in experiments 
tarried out by Pearson.' It was much less than that ex-
pected on the basis of an elementary theory, and the 
difference was attributed to surface states. These sur-
face states were assumed, in a theory proposed by Bar-
deen,' to trap, in an immobile condition, the added 
charge induced on the layer of semiconductor. 
It is the purpose of this article to show that transistor 

structures are possible in which the adverse effects of 
surface states are eliminated and to show how, in certain 
ways, these structures have advantages over previously 
described transistors. 
One of the important characteristics which distin-

guishes the "field-effect" transistors described here from 
the more conventional types is that the working cur-
rent is substantially "unipolar." In the point-contact, 
filamentary, and junction types an important process is 
the injection of minority carriers into regions having 
relatively high concentrations of majority carriers. In 
the region of injection, space-charge neutrality is main-
tained to a high degree by currents of majority carriers 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 18, 1952. 
t Bell Telephone Laboratories, Inc., Murray Hill, N. J. 
For a brief history see W. Shockley "Electrons and Holes in 

Semiconductors," D. van Nostrand, New York, N. Y., chap. 2; 1950. 
2 W. Shockley and G. L. Pearson, *Modulation of conductance of 

thin films of semiconductors by surface charges," Phys. Rev., vol. 74, 
pp. 232-233; 1948. 
• J. Bardeen, Phys. Rev., "Surface states and rectification at metal 

, semiconductor contact" vol. 71, pp. 717-727; 1947. 

which neutralize the space charge of the minority car-
riers. Since carriers of both signs are involved, these 
processes may be referred to as "bipolar." In a "field-
effect" transistor, the current flow is carried by one type 
of carrier only. The changed conductance between input 
and output terminals results from changing numbers of 
carriers of this one type. For this reason the name "uni-
polar transistors" is proposed. 
One feature which should be emphasized about field-

effect transistors is the possibility of voltage gain in ad-
dition to current gain. We shall show that voltage gain 
is indeed possible and that ms values of ten or higher 
can be obtained. 
Another feature of importance is the efficiency for 

high-frequency response of these devices compared to 
bipolar types of comparable dimensions. The reason for 
this difference is that in the bipolar types, the electric 
field is either very low, as in the base layer of a junction 
transistor, or else is effective in producing a current of 
majority carriers, as in the filamentary and point-con-
tact transistors. In the latter cases, the majority carrier 
current is an important source of power dissipation be-
ing produced by the electric field that gives the minority 
carriers a desirably high drift velocity. In the unipolar 
types, even higher drift velocities can be produced with-
out similar disadvantages. 
It should be remarked in passing that the unipolar 

transistors considered here are essentially different from 
devices of the "fieldistor" type such as that discussed by 
Stuetzer.4 The theory proposed by Stuetzer does involve 
modulation by electric fields, but otherwise bears, at 
most, a distant relationship to the structures considered 
here. 

2. MODULATION OF A CONDUCTING CHANNEL BY 
ELECTRIC FIELDS 

In Fig. 1 we represent an example of a unipolar field-
effect transistor. It is a three-terminal device, and con-
sists principally of a layer of p-type material sandwiched 
between two layers of n-type material, the doping being 
much stronger in the n-type material, which is desig-
nated as n+. The "working current" is carried by holes 
flowing in the x-direction in the p-layer. The terminals 
are inserts of heavily doped p-type material, designated 
p+. Under operating conditions, reverse bias is applied 
across the p-n junctions, and space-charge regions form 
in which the carrier concentration is negligible. As a con-
sequence, the current flows in a channel of p-type mate-
rial bounded by the space-charge regions. 
If the reverse bias at one p+ terminal is larger than 

at the other, the channel will be narrower at the one 

4 0. T. Stuetzer, "A crystal amplifier with high input impedance," 
Paoc. 1.R.E., vol. 38, pp. 868-871; August, 1950. 
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terminal. Flow the channel varies in width between the 
terminals will be discussed in subsequent sections. 
In passing, we shall point out that the unipolar tran-

sistor of Fig. 1 is in some ways a closer analog to a vac-
uum tube than are the bipolar transistors. If we imagine 
that a signal is applied between terminals 3 and ground, 
then the effect will be to widen and narrow the channel 
which carries current between 1 and 2. This is closely 
analogous to the action of a grid which controls the cur-
rent flow in a "channel" of thermionic electrons flowing 
between the grid wires. As in the bipolar case, the con-
trol is exerted by flow of electrons by one mechanism on 
flow by another mechanism; in this case, flow by excess 
electrons in the n+ regions controls flow of holes in the 
channel. A difference from the bipolar case is that the 
controlling and controlled currents differ not only in 
conduction mechanism but also in spatial location. 
In this section we shall consider only the case in which 

the reverse bias is almost the same on the two terminals 
so that the channel has substantially uniform width. We 
shall derive the dependence of conductance of the chan-
nel upon 

IV = the magnitude of the reverse bias  (1) 

applied across the p-n junctions. 
In Fig. 1, the space-charge region is represented as 

lying entirely in the p-region. This is only an approxi-
mation; but it is a good one, as we shall show below if 
the (n+)-regions are much more heavily doped than the 
p-region. The doping of the regions defines two "chemi-
cal" charge densities 

p-region Po = q(N. — Na) 

(n+)-region p„ = q(N — Na), 

(2a) 

(2b) 

Fig. 1—Space-charge region and channel in a (n+)p(n+) structure. 

where q is the electronic charge, Na and Arc, densities of 
donors and acceptors. The charge density of the holes 
in the conducting part of the p-region is equal to po and 
the conductivity is ao=popo, where µ0 is the mobility of 
a hole. The choice of signs in (2a) and (2b) makes 
both po and p„ positive so that pr, corresponds to the 
chemical charge density in the n-region while pa corre-
sponds to the carrier charge density in the p-region. 
The distribution of charge density in the space-

charge region is represented in Fig. 2(a). The middle 
plane of the p-region is y= 0, the edge of the space-
charge layer is at y =b, and the p-n junction at y = a. The 

space-charge region is a dipole layer in which the charges 
add to zero. (If this were not the case, Gauss' theorem 
would require an electric field to exist beyond the 
boundaries of the layer.) Consequently, the shaded rec- • 

tangles of Fig. 2(a) are equal in size and the depth of 
penetration is much less in the n-region. 

Pr' 

0 

-Po 

(a) 

0o) 

a 

Fig. 2—Penetration of the space-charge region into the p and n+ 
regions. (a) Space charge. (b) Electric field. (c) Electrostatic po-
tential. 

Mathematically, this result may be deduced from 
Poisson's equation. If we let V(y) represent the electro-
static potential, E5(y) the electric field, and y distance 
from the center of the p-layer, then Poisson's equation 
is 

od2 17/dy 2 =  —  KE0(i Ey/dy =  p(y),  (3) 

where p(y) is the charge density. For y less than b, Ey is 
zero. Near y= b there is a transition region in which p 
changes from zero to —po. This transition region is 
about one "llebye Length" thick, and in it the poten-
tial changes by about kT/q, where k is Boltzmann's con-
stant and T the absolute temperature.5 These quantities 
are both very small compared to a and 111, respectively, 
and may be neglected. Consequently, we assume that at 
the edge of the space-charge layer we have 

Ey = 0 at  y = b, 

and within the p region 

dEy/dY = p/Keo = — po/Keo  y > b, 
so that 

= —  y —  

This leads to the variation of Ey shown in Fig. 2(b) for 
y <a. For y >a, the charge density changes from a small 
negative to a large positive value, po. Evidently, Ey will 

6 W. Shockley, "The theory of p-n junctions in semiconductors , 
and p-n junction transistors," Bell Sys. Tech. Jour., vol. 28, p. 441: . 
1949. 
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/anish when (a —ON= p. X (thickness of space-charge 
ayer in n-region). This equation requires the equating 
4f areas shown in Fig. 2(a). 
Since the average value of the electric field is the same 
n both regions, as may be seen by inspection of Fig. 
l(b), the potential differences across the two regions will 
)e proportional to the thickness of the space-charge lay-
!rs. We shall neglect the thickness in the n-region and 
xssume that the potential drop occurs wholly in the p-re-
;ion. This leads to the value 

V .= — f Eydy 

= (p0/2K)[(y — b)2 — (a — b)21,  (7) 

where the constant of integration has been chosen to 
make V= 0 when y = a, corresponding to grounding the 

n-region, and we have introduced 

K = Kee (8) 

as the dielectric constant. 
K may be conveniently expressed in farads/cm rather 

than farads/m. Since we shall make no use of magnetic 
quantities in this article, it is not necessary to have a 
magnetically consistent set of equations. The use of K 
in farads/cm permits the use of dimensions in cm, mo-
bilities in cm2/volt sec, and conductivities in ohm/cm, 
while retaining currents and voltages in amp and volt. 
(These conclusions may be verified for any equations 
given here simply by deriving them in mks and then 

converting the length unit to cm.) 
With K = 16 and 12 for germanium and silicon, respec-

tively, the values of K are 

Ge  K = 1.42 X 10-" farads/cm 

Si 

The potent 

(9) 

K = 1.06 X 10-12  farads/cm. (10) 

ial in the channel is   

V(b) = — (pol2K)(a — 6)2. (11) 

We shall find it advantageous to use W, a positive quan-

tity representing this reverse bias, 

W = — V(b) = [1 — (bla)12Wo, 

where 

(12) 

Wo ----- poa2/2K.  (13) 

Wo is the magnitude of reverse bias required to make the 
' space charge penetrate the entire p-region. We shall re-
fer to it as the "pinch-off voltage" since it is the voltage 
that will reduce the channel to zero and pinch off the 
conducting path between terminals 1 and 2. 
In Fig. 3, the potential distribution in the p-region is 

shown and related to the values of W and Wo. The 
. dashed line shows the limiting case of W= + Wo. The 
solid line shows a case in which W= Wo/4. 
We shall next apply these considerations to the treat-

ment of the transistor structure represented in Fig. 1. 
We shall denote the reverse biases at terminals 1 and 2 
by W and W-I- W, respectively. These biases cause a 1current  / per unit length in the z-direction to flow from 
terminal 1 to terminal 2. We shall require A W to be 

small compared to Wo— W so that the channel will be of 
substantially uniform width and can be treated simply 
as a layer of p-type semiconductor of conductivity 

cro = poPo, (14) 

where i.to is the mobility of holes. If the electric field in 
the layer is E., the current density will be (T0E. and the 
current per unit length in the z-direction will be 

I = 2buoEz = g(W)Ex, (15) 

where g(W) is the conductance of a unit square of the 

layer 2b thick. 

V(y) 

Fig. 3—Potential distribution for channel with W= W0/4 (and 
b=a/2) and limiting case of W= Wo. 

For the case in which ATV is small compared to Wand 
to Wo— W, the channel will be of uniform width and the 
conductance per cm in the z-direction of a structure of 
length L in the x-direction will then be 

G = g(11')/1-  (16) 

However, if A W is not small compared to Wo— W, then 
the channel will change its width appreciably, and this 
must be taken into account. We do this by considering 

the dependence of g upon W. 
Equation (12) gives a relationship between W and b. 

This can be transformed into a relationship between g 

and W; 
g(W) = 2crob(W) = [1 — (W/Wo)1n[go,  (17) 

where 
go  2croa  (18) 

is the conductance of a square of the p-region at zero 
bias. In Fig. 4, the dependence of g(W) upon W is 
shown. In terms of this dependence it is possible to cal-
culate the current flowing in the channel when there is 
a large voltage difference between the ends of the chan-
nel. This calculation is presented in Section 4. 

3. PROPOSED UNIPOLAR TRANSISTOR TERMINOLOGY 

As was stressed in the introductory section, the prin-
ciples of operation of the unipolar transistor are sub-
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stantially different from those of the bipolar types. For 
this reason, it seems appropriate to consider choosing 
a new set of names for the three terminals. An advan-
tageous choice would be one which involves no overlap-
ping of subscripts with the emitter, base, collector 
combination in use for bipolar transistors. The choice 
selected is "source" for the electrode through which the 
carriers flow into the channel, "drain" for the electrode 
into which the carriers flow out of the channel, and 
"gate" for the control electrodes that modulate the 
channel. One reason for selecting "gate" rather than 
something else is that the subscript "g" is reminiscent of 
"grid" and the analogy is close between the two. Volt-
ages applied to and currents flowing into these elec-
trodes are denoted .by 

V., Vg,Vd and I., I, Id (19) 

for dc values, small letters being used for small-signal or 
ac values. 

wo 

Fig. 4—Conductance of square of channel versus W. 

A symbol for this type of transistor is shown in Fig. 5. 
As with the bipolar transistor, the arrow indicates the 
direction of conventional current flow, and is located near 
source where working carriers enter the structure. 

S  d 
HOLES AS CARRIERS 
p -TyPE CHANNEL 

9 

S  d 
ELECTRONS AS CARRIERS 
fl-TYPE CHANNEL 

Fig. 5—Symbols for unipolar field-effect transistors. 

When it is convenient to use numerical subscripts to 
indicate the three terminals, system will be that shown 
in Fig. 1, with 1 for source, 2 for drain, and 3 for gate. 
In the treatment of this article, we shall, in general, 

deal with low frequencies and shall neglect the current 
to the gate both due to reverse currents and to charging 
currents and shall set 4 equal to zero. Consequently, 
I. and Id are equal and opposite. We shall use I to mean 

(20) 

these quantities being currents per unit length of struc-
ture in the z-direction. 
The relationship between the V's and the W's is evi-

dently 
= V, — V. 

W d =  V d —  Vd, 

(21) 

(22) 

and small changes in these quantities, which we shall. 
treat as differentials, are 

ell', = tt„ — t',  (23) 

olVd = ttu — V,  (24) 

51 = i = i. = — id.  (25) 

We shall use these relationships in the next section in de-
riving an equivalent circuit for the unipolar transistor. 

4. THE GRADUAL CASE 

A. Introduction 

When current flows in the plus x direction in the 
channel, an electric field with a component E, must be 
present. This requires that the potential changes along 
the channel. Since the gate electrodes carry no current 
(we shall consider small reverse junction current later), 
they are equipotentials. Hence the reverse voltage be-
tween channel and (n+)-region varies with x and hence 
the channel width varies. In calculating the relationship 
between channel width b and reverse voltage W in Sec- , 
tion 2, we assumed that 

a2V/ax2 = 0, (26) 

so that a one-dimensional Poisson equation could be 
used. Since when current flows, 

= — V'ax 0, (27) 

in general 3 2 V /aX2 will not vanish. However, if 32 v/ax2 
is very small compared to po/K, then the one-dimen-
sional approximation can be used for V(y) and the re-
verse potential IV(x) will be the same function of b(x) 
as in the case of I =0. The approximation that W and b 
are related in this way is valid if conditions along the 
channel vary gradually. We refer to this situation as the 
gradual case. 

r--

------------------------ ------

- 

X 

Fig. 6— Condition in a "graduar channel. 

NOTE: Interval marked a should be slightly wider than shown, so 
as to be one half the width of the p layer. 

The situation that prevails in the gradual case is il-
lustrated in Fig. 6. Current flows to the right so that in 
the +x direction the potential becomes more negative, 
the reverse bias increases, and the channel narrows. 

Consider a particular value of x and a length a centered 
about x. In this length b(x) is supposed to vary by a 
small fraction of itself. Now the potential difference be-
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tv;een the points (x, 0) and (x, a) will depend on the en-
tire distribution of charge in the structure and the 
potentials applied to source and drain. However, the 
-(n+)-regions exert a shielding action so that the poten-
tial at (x, 0) is determined chiefly by charges lying with-
in the interval a about (x, 0), unless, of course, there are 
very much larger charge densities relatively near. If the 
channel changes relatively gradually, the potential will 
thus be that determined by the average value of b in the 
interval a, and this is substantially the same as the value 
of b(x) at x. Hence the reverse voltage is 

14. = (28) 

where W has the functional dependence on b derived for 
1=0. 
In several parts of this section we shall take the po-

tential on the gate as zero. This is especially convenient 
when considering how the potential varies along the 
channel. 
One of the assumptions involved in establishing the 

function W(b) in Section 2 was that E„= 0 at y = b. This 
assumption is not exactly fulfilled for the gradual case, 
but is a good approximation. Inside the channel the 
electric field is predominantly in the x direction. At the 
edges there is a component in the y direction which pro-
duces the inward component of hole-drift velocity that 
corresponds to the narrowing of the channel. Thus at the 
edge of the channel 

— E,:E.= db/dx. (29) 

For the gradual approximation, dbldx must be much less 
than unity; if it were not, the channel would narrow 
abruptly. As will be shown below, E. is also small com-
pared to typical values of E„ in the region between the. 
channel and the gate. Hence the value of E„ at the sur-
face of the channel may be neglected so far as calcula-
tions of W(b) are concerned. Since Ey is even smaller in 
the interior of the channel, where the current flow is 
more nearly parallel to the x-direction, the equipoten-
tial surfaces in the channel are well approximated by 
planes perpendicular to the x-axis; the electrostatic po-
tential on these planes is — W(x) since this is the poten-
tial difference between the (n+)-regions, which are 
equipotentials and taken to be at zero potential, and the 
channel. 
We are now in a position to analyze the gradual case 

in terms of W(x) and g. Since g is a function of b and 
since b and W are related as discussed in Section 2, g is 
the same function of W as in Section 2. This leads at 
once to the equation 

I = g(W)dW/dx. (30) 

This is the basic equation on which the theory of the 
gradual case is developed. It is applicable not only to 
the structure of Fig. 1 but to others in which there may 
be concentration gradients rather than abrupt transi-
tions. For such other cases, new functions g(W) can be 
derived. Once the appropriate g(W) is known, the anal-
ysis is similar to that presented below. 

Before discussing the consequences of (30) we shall 
point out that such an equation does not apply if the 
gradual condition is badly violated. We shall illustrate 
this by supposing that the channel width varies rapidly. 
Then the potential at x is not determined by b(x) alone 
but by the much larger charges that lie to the left of x. 
Under these conditions, then, W cannot be expressed as 
a function of b alone and, consequently, b and hence g 
are not functions of W alone, but depend also on deriva-
tives of W. Another case in which W and b are not 
directly related may occur if the potential at x is deter-
mined in large measure by the potential applied to the 
end electrode. In this case it is evident that there is no 
unique relationship between b(x) and W(x). This latter 
case will be examined in detail in subsequent sections in 
which we suppose that W exceeds Wo near one electrode. 

B. The Current-Voltage Relationships 

Returning to the gradual case, we assume that (30) 
is valid and integrate it formally by multiplying by dx. 

We thus obtain 

I f dx = f g(W)dW.  (31) 

Denoting the values of W at source and drain by W, and 
Wd and letting Lsepresent their separation, we obtain 

wa 
I = (1/L) f  g(W)dW. 

W I 

(32) 

The current voltage characteristics based on this equa-
tion may be conveniently expressed in terms of a func-
tion of one variable having the dimensions of a current 

J(W)  g(W)dW 
0 

= goW[1 — (2/3)(W /W0)10 1,  (33) 

the last expression following from (17). In terms of J. 
the current per unit length I takes the form 

I = [J(W d) — J(W.)]/L 

= [J(V. — V d) — J(V. —  L.  (34) 

If I is plotted as a function of Vd with V. as a parameter 
and V.= 0 (analogous to a collector family for a bipolar 
transistor or a plate family for a vacuum-tube triode), 
then all of the curves have the same shape but are sim-
ply translated parallel to each other along the I and Vd 

axes. Such a plot is shown in Fig. 7, absolute values of 
Va being used so the curves fall in the first quadrant. 
These characteristics cannot be continued beyond 

W d =  Ve —  Vd =  WO  (35) 

on the basis of (34) since for such potentials pinch-off 
occurs at the drain and the gradual approximation fails. 
The continuation shown in Fig. 7 is based on a treat-
ment given in Section 5. The critical condition for pinch-
off at the drain is indicated by the dashed line. This 
curve has the equation 
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= J(W0)/L — J(Wo —I vd I)/L.  (36) 
From this it follows that the dashed curve is the same 
as the curve for V, = 0, except that it is rotated through 
180° and has its origin at I Vd i =  I'V and / = Jo( Wo)/L. 
The small-signal behavior corresponding to (32) is 

readily obtained by making small changes v., vd, and vo 
in the V's. This leads to a small change i in I of 

i = (gdOWd — g.OW.)/L 

= (go/fly. — (gd/L)vd — (g. — gd)v./L,  (37) 

where 
g,  g(W.) = g(11. — V.) 

gd  g(W d) = g(V. — d). 

Making use of the notation 

Ga, = g,/L 

R d =  gd 

Ado =  G do Rd =  go/gd, 

(38) 

(39) 

(40) 
(41) 
(42) 

the current equation may be put in the form 

id =  =  G du ktio —  v.) 4 (vd — Ad d,  (43) 

which is the same as that for a vacuum-tube triode, pro-
vided we note the ac current into the drain from outside 
is id= —i.= 

JCA10) 

It 

00 

V9 .0 

V9  W0/4 

/ 2 

3vvo / 

W0 2W0 

Fig. 7—Receiver family with source at zero potential. 
(Note 11/2= Wo line.) 

The equivalent circuit corresponding to (43) is shown 
in Fig. 8, with the nonreciprocal element represented as 
a current generator. 
It is evident that a high my will be obtained by op-

erating with It'd nearly equal to Wo so that the channel 
is nearly "pinched-off" at the drain and gd=g( Wd) is 
much less than g.. We shall return to this subject in 
more detail in Section 5. The circuit is incomplete owing 
to the absence of capacitative elements. These omitted 
elements will play an important role at frequencies as 
high as those discussed in Section 7, and at these fre-
quencies a lumped constant treatment becomes a poor 
approximation. 

C. Natural Parameters 

Although the circuit characteristics for the gradual 
case can be obtained from (32) as soon as g(W) is known 
as a function of W, it is desirable to understand the be-
havior of the channel in greater detail. For this purpose, 

we shall derive expressions for the dependence of W 
upon x along the channel and the shape of the channel 
in the x-y plane. It is convenient to use certain natural 
parameters associated with the constants of the struc-

ture. 

Vg 0 

—Gd (vg-vs) 

  vd 

Rd 
A 

Fig. 8—Equivalent circuit for unipolar field-effect transistor. 

The natural unit of voltage, IV0, has already been de-
rived. The natural unit of field, Eo, is that at the plane 
y =a when Wo is applied. The natural unit of conduct-
ance is go. The natural unit for current per unit length 
is the current associated with go and a field Eo. The 
natural unit of time, ro, is the time required for a hole to 
travel a distance a in a field Eo. The equations for these 
quantities are 

Wo = poa2/2K 

E0 = poa/K = 2IVo/a 

go = 2popoa 

Jo = goEo = 21)021100/K = 
To  8u0K1V02/a2 

=  ahloEn = IC/110P0 = K/Gro• 

(44) 
(45) 
(46) 
(47) 

(48) 
Several forms have been given for some of the quantities 
above. These are convenient for subsequent manipula-
tions. 

The expression K/ao for ro should be noted. This ex-
pression is simply the "dielectric relaxation time" for 
material characterized by ao and K. 

D. Expressimis for the Solution 

It is convenient not to solve for IV as a function of x 
but instead for x as a function of b. Since the relation-
ship between b and IV has already been derived, this es-
tablishes the relationship between _x and IV. In order to 
find x as a function of b, W C note that, from (12) and 
(13), 

dll' = — (a — b)podb/ K. 

Using this equation to eliminate dW, we obtain 

Idx = g(ll) dIV 

= — go(a — b)(bpo/aK)db 

= — loa(1 — u)uda, 

where 

-=== bja 

(49) 

is the fraction of the p layer occupied by channel. It 
should be noted that dx/du is zero at u=0 and u= 1. 
Formally, this means that the channel is changing its 
width with an infinite value of db/dx at those points. 
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When u is between 0 and 1, dx!du is symmetrical about 
4= 0.5. The equation for dx is readily integrated to give 

x = — (al,'!)[(u2/2) — (u3/3)1,  (52) 

where the integration constant has been chosen so that 
r =0 when u =0. The resultant shape of the channel is 
shown in Fig. 9(a) for two values of /o//. In Fig. 9(b), 
the variation of potential along the channel is shown. 
These curves are obtained by computing values of the 
electrostatic potential V(x, y), which may be denoted 
as V(x, 0) in the channel, 

1"(x, 0) = — = — W0(1 — u)2, (53) 

for the same values of u as were used to compute x for 
Fig. 9(a) and then by plotting related V and x values. 
The total length of the channel is 

L(1) = (a/6)(10/1). (54) 

10/I= 

36 

-5 -6 -  - 3  -2 
x/a 

Fig. 9—The gradual approximation. (a) Shape of channel. 
(b) Electrostatic potential. 

It is evident that the conditions for the gradual case can 
hardly be considered to hold unless L(1) is about 3a or 
more, corresponding to 1'011 greater than 18. Even if 
L(I) is equal to 3a, the gradual condition will hold only 
in the middle of the channel. Where the channel narrows 
rapidly, the gradual condition will not hold. 
As an approximate criterion for the limit of validity 

of the gradual approximation we shall require that over 
a distance a the fractional change in channel width shall 

be small. This leads to 

adb/dx < b (55) 

or to 

(a/b)db/dx < 1.  (56) 

This seems a reasonable condition. If it holds, then 
dbldx is small and the arguments given early in this 
section for the relationship between b and W apply. On 
the other hand, if the condition fails, then b may differ 
by a factor of 2 or more in a distance a. Under these 
conditions it is not evident that the potential at a point 
x is determined by b at that value of x, since it will be 
strongly influenced by variations of b to both sides. 

We shall use the criterion in form 

1 > (a/b)(db/dx) = 1/(1 — u)142I0.  (57) 

If loll is 18, then the inequality is satisfied for values of 
u in the neighborhood of 0.5. For larger values of loll 
and longer channels, the gradual condition will be satis-
fied over a wider range of channel widths. In all cases, 
however, the gradual condition will fail when u ap-
proaches unity or zero. The failure of the gradual con-
dition near u = 1 is of little importance since the value 
of g is large there and the electric field E. is small. Near 
u = 0, however, the electric field is high; furthermore, 
u = 0 will be approached in all cases in which Wd is 
greater than Wo. 
Near u = 0, the term 1 —u is practically unity and the 

inequality may be written in the form 

1 > //u2/0.  (58) 

In this range the u3 term can be neglected in (52) for x 

so that 
— x = 1oau2/21. 

Inserting the inequality here leads to 

— x > a/2, 

(59) 

(60) 

which implies that the gradual condition is applicable 
at distances greater than a/2 away from the end of the 
channel. 
Actually the electric field does not approach infinity 

at x = 0 and the number of holes per unit length does not 
go to zero as implied by the gradual approximation. 
Thus the pinch-off condition at x=0 does not really 
occur. Nevertheless, it is convenient to define a certain 
point as x = 0 and to refer to it as the extrapolated pinch-
off point, or the expop for short. The expop is defined as 

the point at which u would vanish and W would equal 
Wo if the gradual solution were continued beyond its 

range of validity. 
In the next section we shall consider what occurs at 

and beyond the expop. 

5. CONDITIONS IN THE EXPOP REGION 

Before considering the conditions prevailing at the 
expop, we shall consider the conditions somewhat be-
yond it corresponding to x > O. In this region, the 
charge per unit length due to holes will be very small 
compared to that due to q(No—Nd). Thus that part of 
the electrostatic potential which is due to the charges 
may be well approximated by 

Vo(x, y) = — Wo[l — (y/a)1, (61) 

which satisfied Poisson's equation and vanishes for y 
±a. This potential is independent of x and produces 

no field which causes the holes to flow. The cause of the 
field Ez is the potential applied to the drain. 
If we assume that the drain is located at a relatively 

large value of x and has a large negative charge, then we 
can approximate the field which it exerts near x= 0 by 
a relatively simple expression. This expression may be 
obtained by considering a Fourier expansion of poten-
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tial on the plane x = xd at which the drain is located. II 
the potential is symmetrical about y=0, it can be ex-
panded in a cosine series with terms of the form 

cos [r(2n  1)y/2a]; n = 0, 1, 2. (62) 

Each term vanishes at y= ±a. Each term can be com-
bined with a function of x so as to obtain a solution of 
Laplace's equation, the complete terms being 

7'. = exp [r(2n + 1)x/2a] cos [r(2n -1- 1)y/2 4 (63) 

Each such term satisfies 

d2rnidx 2 d2Tn /dy 2 = 0. (64) 

Terms with negative exponentials would satisfy La-
place's equation also, but would increase towards the 
left and would not represent properly a field due to the 
potential on the drain. The term with n = 0 decays by a 
factor of exp( —7r/2) = 0.21 in each interval a towards 
the left. The next term with n=1 decays similarly but 
by a factor of exp( —37r/2)=0.009. From this it is evi-
dent that, except in the immediate neighborhood of the 
drain, the potential due to the drain can be represented 
by a single term 

To = (exp rx/2a) cos ry/2a. (65) 

This term gives rise to a set of equipotentials of the form 
represented in Fig. 10. 

X•••••• 

Fig. 10—Equipotentials for field satisfying Laplace's equation. 

In the region in which the charge due to holes is small 
the potential can thus be well represented by 

V(x, y) = Vo(x, y) — AT0(x, y)•  (66) 

The coefficient A must be chosen so that V= — W d at 
the drain. Actually near the drain, other terms in the 
Fourier expansion should be included. However, if the 
drain has a shape somewhat like the equipotentials for 
To, these other terms may be quite small. We shall, 
therefore, neglect them and determine A by requiring 
that V= —Wd at the point (xd, 0). This leads to 

Wd = Wo -I- A exp (rxd/2a),  (67) 

or 

A = (Wd — Wo) exp (-7rxd/2a).  (68) 

We shall next consider how operating conditions affect 
the value of xd, the distance between the extrapolated 
pinch-off point and the drain. 

In Fig. 11 we represent the dependence of V(x, 0) 
upon x including a range of x in which the approxima-

tions that 

and 
W = Wo(1 — u)2 = Wo — 2Wou 

= 1Vo — IF0(81x/loa) 1/2  (70) 

are valid. This solution will be valid for x < —a, where 
the gradual approximation holds. For positive values of 
x, it must join smoothly onto the solution in the space-
charge region. The problem of joining is discussed more 
fully in an Appendix. It may be helpful to give an esti-
mate of the coefficient A based on simpler reasoning. 

x = (Joa/2/)u2 (69) . 

X 

Fig. 11—Approximate joining of gradual solution to exponential. 

In the gradual region, the longitudinal electric field 
is produced by the variation in hole-charge per unit 
length. This variation produces a changing potential 
along the channel. As the expop is approached, the hole 
charge beconies negligible and further variation from 
this cause is impossible. Consequently, the electric field 
must be furnished from the potential on the drain. Since 
the gradual solution begins to fail badly at x = —a/2, it 
is reasonable to assume that the To term makes an ap-
preciable contribution to the field at that point. As an 
approximate joining condition at x= —a/2 we shall let 
the contribution of To be 25 per cent as large as that of 
the gradual solution. This leads to the approximation 
shown in Fig. 11 and to 

dW/dx = ii-o(81  /100 112x-in/ 2 

=  E 0(///0)1/2 
= 4Ad7'0/dx 

= 4(7rA/2a) exp (-7r/4).  (71) 

This leads to a value for A of 

A = (Wohr)(///0"2 exp (T/4) 

= 0.71170 W/01/2. (72) 

On the basis of this value of A, the distance between the 
expop and drain can be estimated as a function of Wd 
and I, 
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From (67) we find 

xd = (2a/w) in [(Wd — Wo)(/o//)"2/0.71V0].  (73) 

s an example, we shall take /0// = 18, which gives a 
ilue of 3a for the maximum channel length, from full 
idth to expop, and shall take Wd as 2 Wo. This leads to 

xd = (2ahr) in (4.25/0.7) = 1.1a.  (74) 

.ence the drain lies approximately a distance a beyond 
ie expop. 
On the basis of the gradual solution and the expres-
on for xd it is possible to develop the circuit theory for 
peration beyond the pinch-off condition in much the 
tine way as was done for operation entirely in the grad-
al condition. The following presents this theory. 

6. EQUIVALENT CIRCUIT FOR Low FREQUENCIES 

In Section 2 we considered a structure of length L be-
ween the source and drain and introduced a function 
r(W) defined by 

J(W) = f g(W)dW. (75) 
0 

n terms of this function the current per unit length 
lowing into the source from outside is 

I = [J(Ve — Vd) — J(17,— VA/L. (76) 

2urves based on this formula were shown on Fig. 7. For 
Vg more negative than — Wo, the curves were con-

inued with a constant value of 

r = [i(ivo) — J(Vo — VA/1-  (77) 

Ne now examine the justification of this continuation. 
If we suppose that W. is sufficiently large compared to 
Wo, then we may use (73) to estimate xd. This means 
hat the effective length of the channel should be taken 

is L. with 

= L — xd.  (78) 

In other words the channel adjusts its current until the 
!xpop falls short of the drain by a distance xd. Under 
these conditions the equation 

Idx = g(W)dW  (79) 

holds along the gradual part of the channel. Further-
more, if the expression is integrated from W. to Wo, then 
the integral of dx must simply be L., since by definition 
L. is the distance from the source to the expop when 
(79) is integrated to Wo. This gives 

wo 
IL. = g(W)dW = J(Wo) — J(W.).  (80) 

w. 

This leads to 

/ = [1(470) — J(V„ — VA/Ls. (81) 

It is evident that this current is larger than that used 
previously by the ratio 

L/L. = [1 — (xd/L) P. (82) 

This ratio will be nearly unity if L is 5 or more times a 
since xd will in general be comparable to a. Thus the ex-
trapolation used in Fig. 7 is seen to be reasonable. 
We may use these expressions to obtain differential 

forms for small-signal effects. For this purpose we write 
the equation in the form 

/(L — xd) = f w° g(W)dW. (83) 
W I 

We then take total differentials of both sides, letting 

SI = SW. = v. — v., OW d =  V dr 

and note that 

(84) 

Ilg(W.) = E,  (85) 

the electric field at the source. Because of the exponen-
tial dependence of term To, we note also that the electric 

field at the drain is 

7r(W d — Wo)/2a. (86) 

The contributions of xd( Wd, /) to the differential is 

Sxd = — (ai/rI)  OW d/ Exa. 

These considerations lead to 

= ( va + v9 ( I 1 

Ezd Ezd E. 

÷ [L — xd ahri (88) 

From these we see that the Mil is 

;Lod = (E zdl Ls) — 1.  (89) 

(87) 

The meaning of this expression may be seen by thinking 
in terms of Fig. 11. Here we consider the curve of 
V(x, 0) versus x for current I. A change in potentials 
which keeps the currents the same corresponds to chang-
ing W. and Wd by amounts OW. and SWd while having L 
fixed. Thus L. must decrease and xd increase by equal 
amounts. The changes of SW. and OWd are evidently in 
the ratios of E. and Excl. This leads to (89). 
The dominant term in mgd is 

Ea/E1. = [7r(Wd — Wo)/2a]g(W.)/1 

r(W d — Wo) Iob. 

2a Eora 

Wd  \ro 

= 14  \W0  ) I a • 

If Wd is 2 Wo and 101.1=18 and W.= (1/4) Wo 
bila= 1/2, the value of mga is 

= 7.1 — 1 = 6.1. (91) 

Higher values of mm can be obtained by operating with 
smaller values of //hi or larger values of Wa. 
The transconductance is dominated by the term in 

E. and is negative with magnitude 

G. = µ.dg.  (L — xd ahr)(1  Aga) 

2oeboktod(1. — xd -1- a/r)(1 (92) 

(90) 

so that 
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The value is substantially that of a p-layer 2b. thick and 
L long. 
The resistance looking into the drain is 

R d =  1/G Lit ydr  (93) 

and is thus substantially that of a p-layer 2b. thick and 
m.d long. 

7. EFFECTS AT HIGII FREQUENCY 

Although the gradual case lends itself to analysis from 
the transient point of view, the analysis is somewhat 
tedious. We shall, therefore, discuss in simple terms the 
frequency at which the circuit constants deviate sub-
stantially from their de values. For this purpose we shall 
consider a structure operated with the drain beyond 
pinch-off. We shall also assume that W. is approxi-
mately W0/4 so that b.= a/2. The structure then may be 
regarded as consisting of a distributed resistance of total 
value somewhat greater than 

R = L/2b,a0= L/arro,  (94) 

which charges a pair of capacitances of length L and 
spacing somewhat more than a/2. The value of the re-
sultant capacity is thus less than 

C = 21,K/(a/2). (95) 

If we consider that the charging current flows through 
about R/2, then the effective time constant of the com-
bination is thus 

r = RC/2 2(1,/a)2K/Gro (96) 

= (/c//)27-0/18. (97) 

If we imagine that an input signal at frequency f =r/2/r 
is applied to the gate, then the input power will be 

ig2R/2 

and the voltage will be 

= ioR/2' ,2.  (99) 

(98) 

If we neglect transit-time effects, this voltage would 
produce a current to the drain, if grounded, of 

id =  Goa = (no-0/L)vi,  (100) 

and this output current generator can furnish power of 
magnitude 

id 2Mgd/ 4Gg (101) 

to a matched load of a.d/Gg. The power gain is thus 

AudGg/41? = pgd/4.  (102) 

Thus power gain may still result even at frequencies as 
high as 1/2rr corresponding to 

= (2.9)(///o)2/ro.  (103) 

At lower frequencies, the power gain is higher since 
the input impedance is largely capacitative and in-
creases with decreasing frequency so that for a given 
voltage there will be less current and less input power. 
At higher frequencies there can still be power gain, 

but it is necessary to treat channel as a wave-transmit-
ting medium rather than as a lumped constant circuit. 

8. SOME QUANTITATIVE DESIGN 
CONSIDERATIONS 

For purposes of example we shall consider a structure 
comprising a layer of n-type germanium bounded by 
p-type gates. Under operating conditions, the electric 
field in the specimen may well be as large as 2E0 in the 
neighborhood of the drain. One design consideration is 
that this field should not be as large as the "Zener field" 
at which appreciable field generation of hole electron 
pairs occur.' 
In order for the theory developed in the previous sec-

tions to apply, the electric field along the channel should 
be less than E., the critical field at which Ohm's law fails 
due to inability of the electrons to dissipate their energy 
sufficiently rapidly. This field is about 900 volts/cm for 
electrons in n-type germanium at room temperature,7 
and for it the drift velocity is about 

3.1 X 10" cm/sec. 10-1) 

Above this field, the drift velocity varies approximately 
as the square root of the electric field. 
If we require that the constant mobility region extend 

to the point where the gradual approximation fails, we 
can write from (71) 

c1117dx = E. = E0(I/I0112 

so that for = 18, Es 4,500 volts/cm. This conditionl 
is considerably more stringent than the Zener field con-
dition, which would permit E0 values at least 10 times 
larger to be used. 

Throughout the discussion we have neglected cur-
rents flowing to or from the gate. In the case of a p-layer 
structure a reverse current of thermally generated elec-
trons will flow from the p-layer to the electrodes and a 
current of holes will flow from the n-regions into the p-
layer. These currents will be of the same order of mag-

nitude as those met with in p-n junctions biased reverse. T he current of electrons will tend to be somewhat larger 

than a normal saturation current because of the large 
size of the space-charge region and enhanced generation 
therein,' and will tend to be somewhat smaller because 
usually the p-layer will be considerably less than one 
diffusion length thick. A typical reverse current in a p-n 
junction in germanium" may be of the order of 10-3 
amp/cm2. 

We shall illustrate orders of magnitudes for an n-type 
unipolar transistor by taking n-type material having 

K. B. McAfee, E. J. Ryder, W. Shockley, and M. Sparks, "Ob-
servations of Zener current in germanium p-n junctions," Phys. Rev., 
vol. 83, pp. 650-651; 1951. 

7 E. J. Ryder and W. Shockley, "Mobilities of electrons in high 
electric fields," Phys. Rev., vol. 81, p. 139; 1951. Also, W. Shockley, 
"Hot electrons in germanium and Ohm's law," Bell Sys. Tech. Jour., 
vol. 30, p. 990; 1951. See also E. Conwell, "Properties of silicon and 
germanium," PROC.  vol. 40, pp. 1327-1338; this issue. 

W. Shockley and W. T Read, Jr., "Statistics of the recombina-
tions of holes and electrons," Phys. Rev., vol. 87, p. 835; 1952. 

9 F. S. Goucher, G. L. Pearson, M. Sparks, G. K. Teal, and 
W. Shockley, "p-n junction rectifier and photo-cell," Phys. Rev., vol. 
81, p. 637; 1951. Also, W. J. Pietenpol, Phys. Rev., vol. 82, p. 120; 1951. 
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X10" electrons/cm' and a charge density and conduc-

vity of 

po = 1.6 X 10 -'9 X 4 X 10'3 

= 6.4 X 10-6 coulombs/cm'  (105) 

ao = 3600po = 2.3 X 10-2 mho/cm.  (106) 

,re shall take a field Eo of 104 volts/cm, but shall operate 
ith /0//= 60 so that throughout most of the channel 
le mobility is constant. The resulting value of a is 

a = KEo/ Po = 1.41 X 10-12  X 104/6.4 X 10-6 

= 2.2 X 10-2 cm  (107) 

nd 

IV° = aE0/2 = 11 volts.  (108) 

'he characteristic current /0 will be 

To = 2acro.E0 = 1.0 amp/cm.  (109) 

f this structure is operated with a spacing L between 
ource and drain of 5a, and 1178 = W0/4 SO b.= a/2, and 
= 2 Wo, the following characteristics are found: 

L = 1.1 X 10-2 cm 

= 3 volts 

= 22 volts 

I = I0/60 = 17 ma/cm 

power dissipation = 0.38 watts/cm 

= 23 

G, = 4,600 micromhos/cm 

Gait = 0.27 volts-1 

output resistance = 5,000 ohms cm 

To = 6.1 X 10-" sec 

f = 9 X 106 cps from (103) 

['he electric field at the source is 300 volts/cm and at 
1/2 short of the expop it is 1,300 volts/cm; hence, as 
.itated above, the assumption of constant mobility in the 

f:hannel is a good one. 
The area of p-n junction per cm of length is L = 1.1 
X10-2 . For a reverse current of 1 ma/cm2 for these junc-
_ions, the reverse current would be about 10-2 ma/cm 
.or the structure. This value would be negligible com-
)ared to the working current of 17 ma/cm. 
These very superficial design considerations have been 

presented to illustrate the theory and to show that a 
'avorable relationship between size and frequency 
ipplies for unipolar transistors. 

APPENDIX 

The problem of obtaining an accurate solution for the 
:pattern of flow in a field-effect transistor appears to be a 
difficult one. The approximation of electrical neutrality 
within the channel itself can be shown to be seriously in 
-error at a distance of about a/2 from the expop. The 
:solution would thus require finding the charge density 

for the carriers as a function of x and y, which vanished 
outside the boundaries of the channel. 
It is possible to give physical reasoning, however, that 

shows that once the channel has become relatively nar-
row, one can eliminate one of the variables. Suppose 
that instead of allowing the carriers to flow over a chan-
nel of finite width we imagine them to be constrained to 
the plane y = 0, keeping the same number of carriers per 
unit area of the plane. The effect of this shift of charge 
on the potential is quite small. If we consider a case in 
which the channel is a/4 wide, then the value of W is 
Wo(3/4)2 or 0.56 W0. If the same number of carriers are 
compressed into the y = 0 plane, the potential is Wo due 
to the fixed charge minus aE0/4 due to the field Eo/4 of 
the carriers acting over a distance a. This results in a 
potential at the y =0 plane of 0.50 W0, or about 10 per 
cent less than the correct value. For narrower channels, 
the error will be proportionally smaller. 
The advantage of assuming that the carriers all flow 

in one plane is that the charge density of the carriers can 
now be described by a function of x alone rather than by 
a function of both x and y. 
If we assume that the mobile carriers are restricted to 

the central plane at y = 0, then it is possible to show that 
a very simple scaling law applies for the case of constant 
mobility. For tnis case we may advantageously write the 

potential in the form 

V(/, x, y) = (p0/2K)(y2 — a2) V„,(/, x, y). 

The po term satisfies Poisson's equation for 0 < I y I <a 
and gives a uniform potential — Wo at y=0. The V„, 
term thus represents the fields due to the mobile charges 
and due to the potentials applied to the end electrodes. 
The simple result, which we shall now establish, is as 
follows: If 

VI(x, y) x, y) 

is one function which satisfies the conditions of the 
problem for current Ii, then a solution that holds for 
current 12 is obtained by replacing VI by 

V2(x, y) = (f2//i)"2Vi(x, y)• 

This follows from the fact that if V1 satisfies Laplace's 
equation for 0 < I y I <a, then so does V2. Furthermore, 
the mobile carrier charge density in the y=0 plane is 
evidently 

— 2KaV/ay, 

and this is larger for V2 than for V1 by the ratio (/2//1)112 . 
Furthermore, the longitudinal field is larger for V2 by 
the same ratio. Hence the current is larger in the ratio of 
charge times field and hence is larger by the ratio /2//i. 
Hence if VI satisfies boundary conditions and gives cur-
rent Ii, then V2 satisfies them also and gives current 12. 
We shall next consider what the solution is for this 

case in which the mobile carriers are assumed to move 
in the y =0 plane with constant mobility. For these as-
sumptions, the solution in the gradual region takes a 
very simple form. It also takes a very simple form in the 
region beyond the expop. We shall discuss both of these 
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cases and then present a simplified treatment of the 
transition of one solution to the other. 

Solution is readily obtained for the gradual region. 
The electric field in a region where charge density per 
unit area is uniform with value P, which corresponds 
to 2bpo in the earlier discussion, is simply 

— aV/dy = E. = 112K. 

This gives for the potential 

= (P/2K)(a — y) s--- — W„,[1 — (y/)], 

where W„, is a quantity analogous to W as used in the 
text. The longitudinal field at y = 0 

E.= — OV/a.x= — (a/2K)dP/dx = 

The current equation is 

/ = iPE1 = (2 4/a) W„,dW„,/dx, 

which integrates to give 

IV,r2 = — (aI/AK)x 

provided the integration constant is chosen so as to 
make the extrapolated pinch-off point come at x=0. 
The potential at any value of x arises chiefly from P 

values within a distance of a about that value of x. A 
condition for the validity of the gradual approximation 
will thus be that the value of P(x) does not differ greatly 
from its average value between x —a and x-Fa. Near 
some point xo we may take 

P(x) = P(xo) P'(x — xo)  (1/2)P"(x — 

Average value of P(x) in the interval of ± a about xo is 

(P) = P(x0) (a2/6)P"(xo). 

If this average is to differ only slightly from P(x0), then 

1 < a2P"j6P = a2/24x2. 

Hence the gradual approximation should hold quite well 
until x is less than a distant from the expop. 
Well to the right of the expop, the potential due to the 

mobile carriers must be small compared to that due to 
the potentials applied to the drain electrode. This latter 
potential will be of the form 

cos (Ty/2a) exp (rx/2a), 

and may be referred to as "charge-free" potential since 
it satisfies Laplace's equation for all values of x, y 
In the neighborhood of the extrapolated pinch-off 

point, the potential will make a transition from the 
gradual case to the charge-free case. In Fig. 12, the 
limiting forms are shown, the scale of potential being 
selected so that unity comes at Wm(). A solution of the 
space-charge equations would be necessary in order to 
determine the coefficient of the charge-free solution 
which joins correctly to the gradual solution. Four 
charge-free curves are drawn so that they take values of 
—1,  and  times Wo,(a) at the extrapolated 
pinch-off point. Since these curves are exponentials, the 
difference between them is equivalent to a shift by 
(2a/r) In 2..0.45a along the x-axis. From inspection, it 

Novembe, 

is seen that joining can be accomplished most smoothl) 
for the case of — W„,(a)/4. We shall accordingly assunu 
that this curve does represent the correct joining rela: 
tionship. An exact calculation would be necessary to de. 
termine the relationship accurately, but it seems un-
likely that the result would correct the present guess by 
more than about a/2 for the translational position of th( 
charge-free solution. 
On the basis of the reasoning above, we take as an 

approximation for IF(x) the following forms: 
For x <0, 

11-( x ) =  Ivo (a ih., K)1/2(. _ x)1/2 

For x >0, 

W(x) = Wo (1/4)(a2i/AK) 1/2 exp (Tx/2a) 

= Wo[l (i/2i0)"2 exp (rx/2a)]. 

The latter expression leads to a value of xd, as defined 
in the text, of 

xd= (2a / r) In [(W2 — Wo)(2i0/0 1/2 /Wol• 

2.0 

05 

-05 

- o 

- 2.0 

- 2.5 

-3 o 
28 -a 0 a  2 

Fig. 12—Graphical fitting of gradual solution to an 
exponential solution. 

This value differs by less than 0.1a from that given in 
the text. The reason for the good agreement is that the 
selection of (1/4) for the ratio of the two fields used in 
the text was based on considerations of this appendix. 
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Junction Fieldistors* 
0. M . STUETZERt ASSOCIATE, IRE 

Summary—A high-impedance, input-low impedance output 

nplifying device which utilizes surface conductivity control in the 
iighborhood of a p-n junction is described. The transconductances 
the order of 1,000 micromhos can be reproduced at very low 

tquencies. 

INTRODUCTION 

k
SCHEMATIC DIAGRAM (Fig. 1) shows the 
essentials of the experimental device we shall dis-
cuss. A p-n junction is biased in the reverse di-

iction by a current Ia. A control electrode is attached 
close proximity to the junction. The distance d is of 

PN - JUNCTION FIELDISTOR 

Fig. 1—Schematic diagram of arrangement. 

ie order of a few microns, the breadth B, of the order of 
)0 microns for practical devices. An ac signal can be 
)plied to the control electrode on top of a variable dc 
ias + U,. The circuit is balanced to keep the center of 
le junction electrically on zero and to measure all po-
mtials versus this zero. For practical applications this 
, of course, not necessary. Fig. 2 shows experimental 

[odds. 
The arrangement is very similar to the point- or line-
3ntact "fieldistor" described previously.' The voltage 
T, exerts a controlling effect on the current  As a 
uality figure for the device, we will choose the transcon-

uctance  (aLiauou.• 
The controlling effects depend on the state of the sur-
Lce. The experiments to be reported were carried out 

Ge junctions (Diodes M1470 and M1728, Bell Tel-
phone Laboratories). They were cleaned with alcohol 
nly; the surface, which comes heavily treated, was not 

hanged. 
In the arrangement of Fig. 1, this material produces 
evices with a G„, of several micromhos and a flat fre-
Luency response up to several hundred kc. Liquid 
..ielectrics between control electrode and surface (f.i. 

• Decimal classification: R282.12 X R363.2. Original manuscript 
eceived by the Institute, August 25, 1952. Presented at the Annual 
:onference on Semiconductor Research, University of Illinois, June 

• , 9, 1952. 
t Components and Systems Laboratory, Wright Air Development 

enter, Wright-Patterson Air Force Base, Dayton, Ohio. 

water free oils) increases the effect roughly in proportion 
with their dielectric constant. 
However, if we introduce between surface and control 

electrode a liquid with a reasonably high polar moment, 
G. changes sign and increases drastically. The output 

(a) 

(I)) 

Fig. 2—Experimental models: (a) open, (b) sealed. Actual size 
of crystal: 0.3 X0.08 X0.08 cm3. 

impedance of the device aramun decreases and the fre-
quency response shows a cutoff in the audio-frequency 
range. Devices of this kind, which are easy to reproduce 
and measure, shall be the subjeLt of our discussion. 

THE DC CHARACTERISTIC 

[he sign of G„, depends on the position S (see Fig. 1) 
of the control electrode. Fig. 3 illustrates the experi-

A 
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mental evidence. If the control electrode F is on the n-
side of the junction, 1„ increases pronouncedly if U, be-
comes more negative. Positive increments of U. are 
needed to produce a current increase if F is on the p-side 
of the junction. If F is positioned directly above the 
center, the two effects superimpose and a characteristic 
with a minimum occurs, as often observed with point-
contact field istors.' 

• • • 

ig - - + + 
- - i• + + 

7 

10 

-  — 

+ HOLES 
— ELECTRONS 

Uq T Ug 

+U9 

Ug +Ug 

Fig. 3—Controlling action versus position of field electrode F. 

The order of magnitude of the effect can be estimated 
from Fig. 4, a semilogarithmic plot of L versus U., with 
U. as a parameter. The figure shows that for high posi-
tive and negative control voltages, I„ reaches different 
saturation values. These and the minimum current are 
plotted in Fig. 5 for a similar fieldistor in the form of a 
logarithmic /a-U. diagram. It shows that the dc im-
pedance of the device can be changed by more than one 
order of magnitude. 
The optimum G„, is directly proportional to the linear 

length L of the junction. The model measured in Fig. 4 
gives four times the Gm values when, instead of a control 
electrode on one side (L=0.08 cm), a ribbon extending 
around the crystal block (L=0.32 cm) is used. 
Gm is approximately inversely proportional to the 

electrode distance d. (See the low-frequency values in 
Fig. 8, which will be discussed later.) This means that 
the controlling effect is proportional to the controlling 
fieldstrength ("fieldistor"). 
Gm, furthermore, depends on the polar moment of the 

liquid introduced. In general, Gm is the larger, and the 
output (and input) impedance the smaller, the higher 

I 0. M. Stuetzer, "A crystal amplifier with high input impedance," 
PROC. I.R.E., vol. 38, pp. 868-871 ; August, 1950. 

the polar moment of the liquid (see Figs. 6, 7, to be d 
cussed later). 
From Fig. 4 a considerable hysteresis effect becom 

apparent, which is not surprising for a mechanism 
which the orientation of polar molecules close to a sur. 1 
face with "surface states" and "traps" plays a role. 
decreases more rapidly with decreasing control volt. 
ages than it increases with increasing control voltageN 
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Fig. 4—/. versus U„ d agrams for var'ous "anode" voltage, 
U.(L= 0.08, B=0.003 cm; d=0.0005 cm). 

Fig. 5—Junct on voltage U. versus junction current I., showing 
saturation values 1.„ti. for large positive and  for large nega-
tive biases as well as minimum current /..... 
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• 

For high controlling (and driving) voltages, elec-
olytic action which causes irreproducible changes oc-
.irs. If all voltages are kept below 1.5 volts, however, 
trefully manufactured devices stay constant within 
15 per cent over months. 
In a junction without any control electrode attached, 

Fig. 6—Deterioration of rectifying junction characteristics 
due to fieldistor effect. 

7 70  700  7000  70000 

eig. 7—Dependence of G. on frequency for fieldistor model (L =0.12, 
d ss.0.0002 cm, for various polar liquids. 

 met_ 
.4=== 

nimasna M-

each part has just the potential of the right sign to pro-
duce a current increase in the other part ("self-fieldis-
toring"). This results in marked changes of the back 
characteristic (see Fig. 6). The plot indicates how im-
portant complete absence of polar surface molecules is 
for high back-voltage rectifiers. 

AC BEHAVIOR 

With a suitable model the frequency response for an 
ac signal over the dc bias was measured for various di-
electric liquids (Fig. 7). The curves could be reproduced 
within 15 per cent after one month. The frequency re-
sponse depends, to a certain degree, on the dc bias ap-
plied, as is indicated for n-butyl-phthalate. 
Fig. 8 shows the frequency response for a nitroben-

zene activated fieldistor with the distance d as a param-
eter. Figs. 7 and 8 are for measuring models only; in ac-
tual devices L was larger, leading to transconductance 
values of several thousand µmhos at low frequencies. 
The observed frequency behavior is reminiscent of 

that of two RC combinations in series (see Fig. 9). That 
the cutoff curves shown in Figs. 7 and 8 do not slope off 
exactly inversely proportional to frequency can be ex-
plained by the fact that in reality we will have to as-
sume many of such combinations in parallel. 
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Fig. 8—Frequency response versus distance d. 
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The output impedance of the device is naturally de-
pendent on the bias (compare Fig. 5). At points of maxi-
mum G., several thousand ohms are found with liquids 
of high polarity, several ten thousand with liquids of 
lower polar moment (compare Fig. 6). 
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Fig. 9—Frequency characteristics of two RC combinations in series. 

The input impedance of the devices is roughly a re-
sistance of about 10 megohms paralleled by capacitance 
eBL/d, which turns out to be of the order of a few micro-
microfarads. (See plot of "direct conductivity" for 
nitrobenzene sample in Fig. 7.) Leakages around the 
controlling system proper, and circuit and build-up ca-
pacitances, are mostly of higher magnitude, unless great 
care is taken. Input impedance is discussed more fully 
later in connection with the interpretation of Fig. 9. 
Using the above figures, a power gain R,,,R.,,tG„,2/4 of 

about 40 db is obtained for low frequencies. 
Only tentative data are available at present for the 

noise behavior. Unfortunately, the ideal noise proper-
ties of a junction are lost when a polar liquid is applied 
to its surface. Noise figures at operation points with high 
G„, are very similar to those of the point-contact diodes 
(60 to 80 db at 1000 cps.). 

THEORY OF OPERATION 

For a sketch of a theoretical explanation, we shall dis-
cuss the n-side of the junction. On the p-side, corre-
sponding events happen, with all signs reversed. 
On the surface of the junction we have to assume a 

layer of surface charges, (in our example, negative), 
which is counterbalanced by a space-charge layer of 

ionized donors of about 10-4 cm depth. The left diagram 
in Fig. 10 represents that configuration and gives a rough . 
plot of the electron energy 4), in the conduction band and 
the hole energy Oh in the filled band. The number of car: 
riers present varies inversely to exp OAT. 
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10—likalized model of surface on n-side of junction, with and 
without oriented dipole layer, showing electron and hole energies. 

If a positive charge is induced into the system, that is 
if the control electrode F (see Fig. 3) is negativel) 
biased, the conduction electrons are repelled, the spacei 
charge layer increased, and the energy bands raised al 
little.' A slight decrease in conductivity of the samp101 
should be expected, and is observed with clean surfaces: 
With a polar liquid present, however, a rather pro-, 

nounced increase of conductivity is the case. We hay 
to assume that the outside field raises the energy band 
so much that, close to the surface, Oh becomes smalle 
than O., leading to the creation of excess holes. (Fig. 
10 right.) The underlying physical mechanism is the re-
pelling forces of the negative surface charges tearin 
valence electrons out of the lattice atoms. Experiment 
similar to the one described by Shockley, Pearson, and 
Haynes' indicate minority carrier conduction. 
It is essential for our effect that the minority carriers 

originating in this way be produced on that side of th 
junction where the existing fields in the junction under-
neath the surface (see Fig. 3) help them cross the junc-
tion barrier. That is one reason why the arrangement 
works rather effectively. 

Fig. 10 (right, top) shows a layer of oriented dipole 
molecules on a surface. The average potential rise in 
such a dipole layer is several volts' (about 5 volts for 
nitrobenzene). Close to one of the charged molecules, 
however, much higher rises are present, similar to the 

I W. Shockley and G. L. Pearson, "Modulation of conduction of 
thin films of semiconductors," Phys. Rev., vol. 74, p. 232; July, 1948. 

W. Shockley, G. L. Pearson, and J. R. Haynes, "Hole injection 
in germanium," Bell Sys. Tech. Jour., vol. XXVIII, pp. 344-366; 
July, 1949. 

4 J. H. DeBoer, "Electron Emission and Adsorption Phenomena," 
Macmillan Co., New York, N. Y., p. 50, ff.; 1935. 
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)tential fall indicated for a donor ion on the left side of 
ig. 10. It is no surprise that the interaction with the 
jrface atoms of the high fields creating these potentials 
Lises the average potential close to the surface inside 
le crystal by a few tenths of a volt. (Potential rises of 
le order of magnitude were indicated in experiments by 
sing a suitable probe arrangement and a high imped-
Ice electrometer.) 
Fig. 11 shows the customary energy diagram for the 
inction in equilibrium. The carrier densities associated 
ith the energies are plotted on the left side. It can be 
:en that a few tenths of potential rise brings substan-
al minority carrier density on both surfaces. 
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Roughly, a density of 10'8/cm' directly on the sur-
face, leading with an approximated potential distribu-
tion to an area density of 10'2/cm2, can be assumed. 
With a mobility of 10 cm2/volt sec and an accelerating 
field of 10 v/cm, the order of magnitude of the effect can 

be explained. 
The high current densities (103 amp/cm2) on the sur-

face will be partly responsible for the high noise of the 

device. 
We can explain the saturation properties of the device 

(see Figs. 4 and 5) by assuming that all the microdipoles 
are then oriented. 
To analyze the frequency behavior of the device, we 

shall use the circuit model of Fig. 9. V2 is that part of the 
(ac) control voltage V, which induces the surface changes 
necessary for our control effect. Analysis shows that we 
have to attribute to C2 a value of the order of 10-1 ° F. 
This points to the existence of a high capacitance layer 
on the surface—probably a gas layer similar to the one 
in electrolytic condensers—with a capacity of about 
10-8 F/cm'. C1, which is one to two orders of magnitude 
smaller, then represents the capacitance of the control 
electrode (in series with the capacitance of the conduc-
tive surface layer). R2 in this picture would be the very 
big (several megohms) resistance of the (gas) layer and 
R1 the resistance of the control liquid in series with that 
of the conductive surface layer. R1 will certainly change 
with bias, and C2 may very well do so. This explains the 
dependence of the frequency characteristic on dc bias. 

2- CONCLUSIONS 

3.  . A crystal amplifier with about 10-megohms input and 
several thousand ohms output impedance, a transcon-
ductance of about a thousand micromhos, and a noise 
figure of the order of 70 db was described. A frequency 
cutoff in the audio range will severely limit the applica-
tion of the present form of the device. 
The investigations add to our knowledge of surface 

phenomena. They explain why the presence of mole-
cules with a polar moment on the surface of a diode 

tion. (Interior curves for conductivity of about 2 ohm-lcm-1 .)  damages its back voltage properties. 
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'ig. 1I —Electron energy and carrier density distribution along junc-

The detailed theoretical description of the surface 
ayer will be rather complex. The potential in perpendic-
ilar to the surface no longer varies parabolically, but 
ncreases much faster (until degeneracy occurs). The 
)otential along the axis of the device can not be as-
turned to be independent of the distance from the 
turface. The layer of high generation and high recom-
)ination will affect the mobility close to the surface. 
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The Control of Frequency Response and Stability 
of Point-Contact Transistors* 

B. N. SLADEt, MEMBER, IRE 

Summary —The frequency response and stability of point-con-
tact transistors are determined to a large degree by control of the 
point-contact spacing and germanium resistivity. Stability is particu-

larly important in amplifiers in which the impedances of the emitter 

and collector circuits are very small in the frequency range in which 
the transistor is designed to operate. Satisfactory stability has been 
obtained with developmental transistors having a frequency cutoff 

(3-db drop in the current amplification factor, alpha) ranging from 
10 to 30 mc. These transistors operate under approximately the same 

dc bias conditions used with lower-frequency transistors, and have 
an average power gain of approximately 20 db. By means of the 

methods outlined, transistors which oscillate at frequencies as high 
as 300 mc have been made. 

INTRODUCTION 

CHOICE OF RESISTIVITY and spacing can be 

discussed in terms of theoretical considerations 

involving the transit time of the holes, the varia-

tion of equivalent base resistance with point spacing, 

and the effect of equivalent base resistance on transistor 

stability. 

Shockley' has expressed the transit time of the hole 

carriers which travel from emitter to collector as 

r = S'crh.i/G, where r is the transit time in seconds, II is 
the mobility of the holes in centi meters squared per 

volt-second, I. is the emitter current in amperes, a is the 
germaniu m conductivity in reciprocal ohm-centimeters, 

and S is the spacing in centi meters between the point 
contacts. The transit time has an approximately inverse 

relationship to frequency response. Thus, the frequency 

response would be expected to vary inversely as the 

cube of the point spacing if other conditions were main-

tained constant. 

It has also been shown previously' that a decrease in 

the point spacing will increase the value of the equiva-

lent base resistance, the resistance of that portion of the 

equivalent circuit of the transistor which is com mon to 

both the input and output circuits of the transistor. A 

large value of equivalent base resistance, however, con-

tributes to transistor instability. The following expres-

sion' represents a criterion for transistor stability: 

Re R,  
— -F —  1 > — 
Rb  Re Re 

Decimal classification: R282.12. Original manuscript received 
by the Institute, July 2, 1952. 

1' Tube Dept., RCA Victor Division, Harrison, N. J. 
1 W. Shockley, "Electrons and Holes in Semiconductors," D. Van 

Nostrand Co., Inc., New York, N. Y.; 1950. 
V. Bardeen and W. H. Brattain, "Physical principles involved in 

transistors action," Phys. Rev., vol. 75, pp. 1208-1225; April 15, 1949. 
R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 

transistor," Bell Sys. Tech. Jour., vol. 28, pp. 317-401; July, 1949. 

where R. = re+external emitter resistance, Rb = rb +ex. 

ternal base resistance, and Rc=rc-Fexternal collector 

resistance. The terms re,rb, rc, and r„, represent the emit-
ter, base, collector, and transfer resistances, respec-

tively, as given in the T-network equivalent circuit of 

the transistor. The term r„,/r, is equal to the current am-

plification factor, alpha. 

For transistor stability, when no external resistance 

or impedances are in series with any of the three termi-

nals of the transistor, 

(r„ + re ±  1) rb r, 

must be greater than r„,/re. A large value of equivalent 

base resistance, however, may cause the expression in 

parenthesis to become smaller than r„,/rc, depending on - 

the values of the other resistances, and may cause the 

transistor to become unstable and to oscillate, unless the 

value of alpha is unity or less. Most point-contact tran-

sistors have an alpha of 2 or greater. 

MEASUREMENTS 

The value of equivalent base resistance can be kept 

small at small point spacings, however, by decreasing 

the value of the germaniu m resistivity. Fig. 1 is a curve 

30 

— 

4.o 
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ao 
v tokfm_cko=  1.2  

30 
POINT SPACING — MILS 

Fig. 1—Effect of variation in point spacing and germanium 
resist ivity on equivalent base resistance. 

40 

showing the variation of the equivalent base resistance 

with point-contact spacing for several germanium speci-

mens ranging in resistivity from 1.2 oh m-centimeters to 

4.0 ohm-centimeters. At the higher values of resistivity, 

the equivalent base resistance increases rapidly at spac-

ings less than 2.0 mils. For the specimens of germaniu m 
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having resistivities of 2 ohm-centimeters or less, the 
value of the equivalent base resistance approaches a 
more linear relationship with the point spacing. Further-
more, the value of the equivalent base resistance is 
much smaller at the low resistivity values for a given 
point spacing. 
It would appear from the expression for transit time 

that, as the germanium resistivity increases, the fre-

30 

CJRPENT AMPLIFICATION 

FACTOR CUTOFF 

0 10  20 
POINT SPACING —MILS 

30 

Fig. 2—Effect of variation in point spacing on 
frequency response. 

40 

quency response also increases. Actual measurement, 
however, indicated that an increase in resistivity from 
1.2 to 4 ohm-centimeters had little effect on the fre-
quency response. Fig. 2 is a curve showing the variation 
of frequency cutoff (3 db down in the current amplifica-
tion factor) with point spacing for germanium speci-
mens having resistivities within the range of 1.2 to 4 
ohm-centimeters. The curve shows that at spacings 
less than 2 mils, the high-frequency response improves 
rapidly. In fact, the curve follows quite closely a cube 
function of frequency cutoff with spacing. 
Generally, values of equivalent base resistance of 100 

ohms or less will assure transistor stability. In order to 
obtain these low values and, at the same time, maintain 
good frequency response, it is necessary to use low-re-
sistivity germanium and smaller contact spacings. As 
shown in Fig. 1, if germanium having a resistivity of 3.3 
ohm-centimeters were used, a point-contact spacing of 
. 20 mils would result in a transistor having an equiva-
• lent base resistance of 100 ohms. From Fig. 2, it can be 
seen that the frequency cutoff of such a transistor would 
he approximately 3.3 mc. If germanium having a re-
sistivity of 2.0 ohm-centimeters were used, an equiva-
lent base resistance of 100 ohms could be obtained with 
a spacing of 1.3 mills; the frequency cutoff would be 
approximately 11.0 mc. If germanium having a resistiv-
ity of 1.2 ohm-centimeters were used, an equivalent base 
resistance of 50 ohms could be obtained with 1-mil spac-
ing; the frequency cutoff would be approximately 20 
mc. Thus, by a careful choice of point spacing and ger-

manium resistivity, it is possible to achieve higher fre-
quency responses without sacrificing stability. 
By the use of the above methods, stable transistors 

having frequency cutoffs in the range of 30 mc with low-
frequency power gains of 20 db and values of equiva-
lent base resistance of 100 ohms and less have been 
made. A typical frequency response curve for such a 
transistor is given in Fig. 3. 
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Fig. 3—Frequency-response characteristic of developmental 
point-contact transistor. 

VISUAL D EMONSTRATION OF FREQUENCY RESPONSE 

An interesting visual demonstration of the frequency 
response of these transistors is given in Fig. 4. The trans-
istor was used as a video amplifier in a flying-spot scan-
ning system. A wedge test pattern was used to indicate 
the response of the circuit with and without the transis-
tor. Fig. 4(a) shows the test pattern with the transistor 
by-passed. The narrowest portion of the wedge indicates 
a frequency of approximately 16 mc. Fig. 4(b) shows the 
test pattern with a transistor having a cutoff at 30 mc in 
the circuit; no impairment of the resolution of the pat-
tern can be seen. Fig. 4(c) shows the test pattern with a 
transistor having a 4-mc cutoff frequency. Considerable 
resolution is lost when this transistor is used as a video 
amplifier. Fig. 4(d) shows the test pattern when a wide-
spaced transistor having a 100-kc cycle cutoff is used. 
The resolution of this pattern is very poor. Figs. 5(a) 
through (d) show oscillograms over an 18-mc bandwidth 
for the circuit illustrated by the test patterns in Fig. 4. 
The gain obtained from the transistors in the circuit 
used for Fig. 4 was only the 2-to-1 current amplification 
of the transistors because the test was made to give a 
visual indication of the frequency response of the cur-
rent-amplification factor. For the transistor illustrated 
in Figs. 4(b) and 5(b), however, a voltage gain of ap-
proximately 25 to 1 could be obtained over the 18-mc 
bandwidth without any impairment in the quality of 
the picture. 

1• 
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(a) 

(c) 

11 

(d) 

Fig. 4—Visual demonstration of frequency response of transistors in a video amplifier system. (a) Tra nsistor by-passed, (b) Transistor having 
30-mc cutoff. (c) Transistor having 4-mc cutoff. (d) Transistor having 100-kc cutoff. 

VHF OSCILLATOR TRANSISTORS 

The design methods described in this paper have also 
been used to obtain transistors capable of operating at 
frequencies considerably higher than 30 mc. A number 
of these oscillate at frequencies above 100 mc, with a 
few oscillating above 200 mc and one achieving 300 mc. 
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I -I 
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Ii  ii 
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(d) 

Fig. 5-0scillograms of frequency response of transistors in video-am-
plifier system. (a) Transistor by-passed. (b) Transistor having 
30-mc cutoff. (c) Transistor having 4-mc cutoff. (d) Transistor 
having 100-kc cutoff. 

TRANSISTORS FOR SWITCHING CIRCUITS 

Point-contact transistors which are designed for use 
in switching circuits require a higher current gain than 
those used for radio-frequency amplifier devices, and a 

certain degree of operational instability is, therefore, 
desirable. In most cases higher values of equivalent base 
resistance are permissible. Values of resistivity and point 
spacing may be selected in accordance with the require-
ments of the applications. 

OTHER DESIGN CONSIDERATIONS 

Careful selection of point-contact spacings and ger-
manium-crystal resistivity must be made to obtain 
transistor characteristics which are desirable for either 
type of application. Other factors, such as the depend-
ence of transistor characteristics upon ambient tempera-
ture changes, allowable collector dissipations, and values 
of re and re must also be considered in transistor de-
sign since these are also functions, to some degree, of 

the resistivity of the germanium. Factors other than 
point spacing and germanium resistivity may well have 
a significant effect upon frequency response and equiva-
lent base resistance. The data presented in this paper 
are empirical and are not intended to provide an exact 
design formula. However, the data indicate the signifi-
cance of the control of point spacing and germanium 
resistivity in the design of point-contact transistors. 
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Low-Drain Transistor Audio Oscillator* 
D. E. THOMASt, SENIOR MEMBER, IRE 

Summary—A 9-element transistor audio oscillator is described. 
'his oscillator operates with relatively low drain from a single 6-volt 
attery. The oscillator gives reliable performance with an output 
niform to approximately ±1 db with substantially all type 1768 
oint-contact transistors and without any circuit element adjustment 
equired for variation in transistor parameters from unit to unit or 
lith transistor ambient temperature. 

INTRODUCTION 

M
ANY TYPES OF EQUIPMENT must operate 
at remote locations from power which is pro-
vided locally. Often the use of batteries is indi-

ated, and for long service the power-supply drain must 
ie minimized. In very early stages of transistor de-
ielopment, it was recognized that transistors offer new 
ind attractive possibilities in this field since they re-
wire no heater power and can operate with quite mod-
:st direct electrode power. One such possibility is a low-
'rain audio oscillator powered by batteries and designed 
:o provide carrier power to a magnetic amplifier. This 
3aper describes a transistor oscillator designed for this 
Ipplication. The transistor used in the oscillator is West-
!rn Electric A1768 point-contact transistor, developed 
DV L. B. Valdes of Bell Telephone Laboratories. 
The final oscillator circuit developed proved to be ex-

tremely simple and very reliable. Since this circuit, or 
similar circuits, should prove useful for other applica-
tions in the communications and electronics field, com-
plete technical information on the oscillator is being 
presented. The paper gives the requirements on the os-
cillator, describes the final circuit and circuit element 
functions, presents complete circuit performance data, 
and gives an elementary design theory for a "first-or-
der" low-drain oscillator developed to meet the specific 
requirements given below. It also gives a brief discussion 
of the broad general reasons for the choice of circuit con-
figuration. 

REQUIREMENTS 

The following are the specific requirements on the 
transistor oscillator: 
Battery supply voltage: Nominal 6 volts; 12 volts op-
tional. Range, +6 per cent, —15 per cent. 

Maximum power drain from battery: Power drain av-
eraged over operating life not to exceed 35 mw. 

Frequency of oscillator: Single fixed frequency of 130 
cps. 

Frequency drift: ± 7 per cent over total life. 

• Decimal classification :1(355.914. X R282.12. Original manuscript 
received by the Institute, August 18, 1952. The oscillator circuit 
described was developed as part of an engineering services contract 
sponsored by the Joint Services, Contract DA36-039 5C-5589. 

Bell Telephone Laboratories, Murray Hill, N. J. 
By a "first-order" circuit is meant one which has been carried 

to a stage of development where feasibility for the application has 
been fully demonstrated. 

Output voltage: 8.5 volts rms at nominal battery volt-
age with 20-per cent permissible distortion across an 
11,000-ohm resistance. 11,000 ohms is approximately 
equal to the equivalent shunt resistance of the linear 
impedance characterizing the magnetic amplifier load 
at the fundamental frequency. 

Output impedance: To be determined by power transfer 
considerations at the fundamental frequency. To be 
as low as possible at all harmonics of the fundamental. 

Stability: A variation of rms output voltage of the same 
percentage as the battery voltage over the useful life 
of the battery is permitted. 
In planning the program for the development of a de-

vice and circuit to meet the above requirements, addi-
tional circuit and device objectives were formulated as 
follows: (a) to obtain a circuit which would meet re-
quirements for substantially all transistors coded for 
the application, with no circuit element adjustments re-
quired to compensate for variations in transistor elec-
trical parameters from unit to unit, or for variations of 
a particular unit with operating temperature; (b) to 
obtain a characterization of the transistor finally de-
signed for application in terms of measurable electrical 
parameters which would assure that substantially all 
units chosen on the basis of this characterization would 
meet the requirements when operated in the oscillator 
circuit without recourse to any go-no go circuit test. 
During the course of development work, several addi-

. tional requirements arose on the oscillator circuit over 
and above those stated in the formal requirements al-
ready given. These had considerable influence on the 
design and performance of the circuit, as will be appar-
ent from the discussion to follow. 
The first and most important requirement was that 

the oscillator be self starting at any point in the required 
operating temperature range. Secondly, the final space 
allotment for the oscillator proved to be less by almost 
an order of magnitude than the space assigned to the os-
cillator in the early stages of the project. Considerable 
sacrifice in circuit efficiency resulted from the reduction 
in transformer size which was necessary to accomplish 
the required space reduction. 
The final change in requirements resulted from a 

change in the oscillator load after the final oscillator 
circuit had been frozen. This resulted from the fact that 
the shunt-resistance component of the linear impedance 
characterizing the magnetic amplifier load at the funda-
mental frequency proved to be 21,000 ohms for the final 
magnetic amplifier rather than the 11,000 ohms given 
in the original requirements. The output voltage re-
quirement was not changed, however. This, of course, 
was equivalent to lowering the required power output of 
the oscillator. 
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(a) 

(c) (d) 

Fig. 4—Visual demonstration of frequency response of transistors in a video ampiifier system. (a) Tra nsistor by-passed. (b) Transistor having 
30-mc cutoff. (c) Transistor having 4-mc cutoff. (d) Transistor having 100-kc cutoff. 

VHF OSCILLATOR TRANSISTORS 

The design methods described in this paper have also 
been used to obtain transistors capable of operating at 
frequencies considerably higher than 30 mc. A number 
of these oscillate at frequencies above 100 mc, with a 
few oscillating above 200 mc and one achieving 300 mc. 
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Fig. 5-0scillograms of frequency response of transistors in video-am-
plifier system. (a) Transistor by-passed. (b) Transistor having 
30-mc cutoff. (c) Transistor having 4-mc cutoff. (d) Transistor 
having 100-kc cutoff. 

TRANSISTORS FOR SWITCHING CIRCUITS 

Point-contact transistors which are designed for use 
in switching circuits require a higher current gain than 
those used for radio-frequency amplifier devices, and a 

certain degree of operational instability is, therefore, 
desirable. In most cases higher values of equivalent base 
resistance are permissible. Values of resistivity and point 
spacing may be selected in accordance with the require-
ments of the applications. 

OTHER DESIGN CONSIDERATIONS 

Careful selection of point-contact spacings and ger-
manium-crystal resistivity must be made to obtain 
transistor characteristics which are desirable for either 
type of application. Other factors, such as the depend-
ence of transistor characteristics upon ambient tempera-
ture changes, allowable collector dissipations, and values 
of re and re must also be considered in transistor de-
sign since these are also functions, to some degree, of 
the resistivity of the germanium. Factors other than 
point spacing and germanium resistivity may well have 
a significant effect upon frequency response and equiva-
lent base resistance. The data presented in this paper 
are empirical and are not intended to provide an exact 
design formula. However, the data indicate the signifi-
cance of the control of point spacing and germanium 
resistivity in the design of point-contact transistors. 

ACKNOWLEDGMENTS 
The author is indebted to 0. II. Schade of the RCA 

Tube Department, Harrison, N. J., for some of the fre-
quency-response measurements and photographs, and 
to G. M. Rose for developing the circuits for the oscil-
lator measurements. 
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Low-Drain Transistor Audio Oscillator* 
D. E. THOMASt, SENIOR MEMBER, IRE 

Summary—A 9-element transistor audio oscillator is described. 
This oscillator operates with relatively low drain from a single 6-volt 
battery. The oscillator gives reliable performance with an output 
uniform to approximately ±1 db with substantially all type 1768 
point-contact transistors and without any circuit element adjustment 
required for variation in transistor parameters from unit to unit or 
with transistor ambient temperature. 

INTRODUCTION 

1 ‘ 1ANY  TYPES OF EQUIPMENT must operate 
at remote locations from power which is pro-
vided locally. Often the use of batteries is indi-

cated, and for long service the power-supply drain must 
be minimized. In very early stages of transistor de-
velopment, it was recognized that transistors offer new 
and attractive possibilities in this field since they re-
quire no heater power and can operate with quite mod-
est' direct electrode power. One such possibility is a low-
drain audio oscillator powered by batteries and designed _ 
to provide carrier power to a magnetic amplifier. This 
paper describes a transistor oscillator designed for this 
application. The transistor used in the oscillator is West-
ern Electric A1768 point-contact transistor, developed 
by L. B. Valdes of Bell Telephone Laboratories. 
The final oscillator circuit developed proved to be ex-

tremely simple and very reliable. Since this circuit, or 
similar circuits, should prove useful for other applica-
tions in the communications and electronics field, com-
plete technical information on the oscillator is being 
presented. The paper gives the requirements on the os-
cillator, describes the final circuit and circuit element 
functions, presents complete circuit performance data, 
and gives an elementary design theory for a "first-or-
der"' low-drain oscillator developed to meet the specific 
requirements given below. It also gives a brief discussion 
of the broad general reasons for the choice of circuit con-
figuration. 

REQUIREMENTS 

The following are the specific requirements on the 
transistor oscillator: 
Battery supply voltage: Nominal 6 volts; 12 volts op-
tional. Range, +6 per cent, —15 per cent. 

Maximum power drain from battery: Power drain av-
eraged over operating life not to exceed 35 mw. 

Frequency of oscillator: Single fixed frequency of 130 
cps. 

Frequency drift: + 7 per cent over total life. 

• Decimal classification :1(355.914. X R282.12. Original manuscript 
received by the Institute, August 18, 1952. The oscillator circuit 
described was developed as part of an engineering services contract 
sponsored by the Joint Services, Contract DA36-039 5C-5589. 

Bell Telephone Laboratories, Murray Hill, N. J. 
By a "first-order" circuit is meant one which has been carried 

to a stage of development where feasibility for the application has 
been fully demonstrated. 

Output voltage: 8.5 volts rms at nominal battery volt-
age with 20-per cent permissible distortion across an 
11,000-ohm resistance. 11,000 ohms is approximately 
equal to the equivalent shunt resistance of the linear 
impedance characterizing the magnetic amplifier load 
at the fundamental frequency. 

Output impedance: To be determined by power transfer 
considerations at the fundamental frequency. To be 
as low as possible at all harmonics of the fundamental. 

Stability: A variation of rms output voltage of the same 
percentage as the battery voltage over the useful life 
of the battery is permitted. 
In planning the program for the development of a de-

vice and circuit to meet the above requirements, addi-
tional circuit and device objectives were formulated as 
follows: (a) to obtain a circuit which would meet re-
quirements for substantially all transistors coded for 
the application, with no circuit element adjustments re-
quired to compensate for variations in transistor elec-
trical parameters from unit to unit, or for variations of 
a particular unit with operating temperature; (b) to 
obtain a characierization of the transistor finally de-
signed for application in terms of measurable electrical 
parameters which would assure that substantially all 
units chosen on the basis of this characterization would 
meet the requirements when operated in the oscillator 
circuit without recourse to any go-no go circuit test. 
During the course of development work, several addi-

tional requirements arose on the oscillator circuit over 
and above those stated in the formal requirements al-
ready given. These had considerable influence on the 
design and performance of the circuit, as will be appar-
ent from the discussion to follow. 
The first and most important requirement was that 

the oscillator be self starting at any point in the required 
operating temperature range. Secondly, the final space 
allotment for the oscillator proved to be less by almost 
an order of magnitude than the space assigned to the os-
cillator in the early stages of the project. Considerable 
sacrifice in circuit efficiency resulted from the reduction 
in transformer size which was necessary to accomplish 
the required space reduction. 
The final change in requirements resulted from a 

change in the oscillator load after the final oscillator 
circuit had been frozen. This resulted from the fact that 
the shunt-resistance component of the linear impedance 
characterizing the magnetic amplifier load at the funda-
mental frequency proved to be 21,000 ohms for the final 
magnetic amplifier rather than the 11,000 ohms given 
in the original requirements. The output voltage re-
quirement was not changed, however. This, of course, 
wits equivalent to lowering the required power output of 
the oscillator. 
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)ESCRIPTION OF CIRCUIT AND CIRCUIT-
ELEMENT FUNCTIONS 

A schematic diagram of the circuit is shown in Fig. 1. 
Two views of the experimental packaged oscillator, on 
which all performance data to be presented in this paper 

A. M. tRAM M,04 

Fig. 1—Schematic diagram of low-drain audio oscillator. 
Note I. Three-winding transformer turns ratio...  I : 2.8 : 9.6 

(1-2) (3-4) (5-6) 
L(5-6)=.3.2 henrys 
Q(5-6) nonloaded=.13.5 at 120 cycles 

were taken, are given in Fig. 2 and the various circuit 
elements are identified in terms of their designation on 
the schematic circuit. A brief discussion of the way in 
which the final choice of circuit configuration was de-
cided upon follows: 
A point-contact transistor was selected because it was 

known that these could be produced in sufficient quan-
tity to meet any reasonable production requirements of 
the application for which the oscillator was being de-
signed. The circuit operates on a Class C basis with an 
operating angle of approximately 150°. Class C was cho-
sen because of its greater efficiency. Six volts was chosen 
in preference to 12 volts because at the required power 
output level greater collector conversion efficiency is 
obtainable at this voltage. For higher power output re-
quirements a higher supply voltage should probatily be 
used. 
Transformer feedback was indicated for a number of 

reasons. In the first place, the load impedance is con-
siderably higher than the optimum collector load im-
pedance for maximum collector conversion efficiency; 
therefore, a step-up output transformer is called for. 
Secondly, since it is desirable that the oscillator present 
as low an impedance as possible to the load at all har-
monics of the fundamental frequency, a parallel reso-
nant circuit is indicated, and this is easily obtainable by 
using the load winding of the output transformer as the 
inductive element of this circuit. Finally, since a trans-
former is already called for on the basis of efficiency and 
impedance considerations, and since the emitter power 
necessary to maintain oscillations can be most effi-
ciently transferred from the collector by a transformer, 
the case for a three-winding transformer is practically 
complete. Feedback winding of the transformer was put 
in the emitter circuit rather than in the base circuit to 
reduce possibility of unwanted parasitic oscillations. 
Up to this point the reasoning has differed little from 

that used in the design of a vacuum-tube oscillator and, 

in fact, the final circuit does closely suggest a single-tube 
transformer coupled feedback oscillator. However, here 
the analogy ends. It is required that the oscillator be op-
erated from a single battery and still be self starting. In 

UMW wirma 
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Fig. 2(a)—Experimental packaged low-drain audio oscillator. 
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Fig. 2(b)—Experitnental packaged low-drain audio oscillator. 

a vacuum tube, plate current normally flows with no 
bias on the control electrode whereupon the tube is 
biased back negatively to the desired operating point by 
a cathode resistance. A transistor, on the other hand, 
requires that its control electrode be biased in a forward 

direction before substantial collector current flows. In a 
single-battery circuit some forward bias is provided by 
the base potential resulting from the collector current at 
zero emitter current flowing through the internal base 
resistance of the transistor. However, every effort is 
made to keep this current low. As a result, oscillations 
may not start when the collector battery is connected 
to the circuit unless an initial positive emmitter current 
is provided which is sufficient in magnitude to assure the 
necessary transistor gain to start oscillation. Once oscil-
lation is started, a self-biasing resistor in the emitter 
circuit operates to reduce the operating angle and in-
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crease efficiency much the same as the tube cathode re-
sistor. 
The necessary initial current could have been sup-

. plied by inserting a resistance in the base circuit and 
providing a bleeder resistance from the negative battery 
to the base terminal. In very low-powered battery cir-
cuits this type biasing circuit results in the following 
difficulties: If the base resistance is made small enough 
to avoid an undue loss of dc collector potential under 
steady-state operating conditions, the bleeder current 
required is so high as to take too large a portion of the 
maximum permissible battery drain. On the other hand, 
if the bleeder current is held to a reasonable value from 
an efficiency standpoint, the base resistance required is 
so high that the available dc collector potential under 
steady-state conditions is reduced to a point where con-
version efficiency suffers, dc stability problems are intro-
duced, and the variation in transistor collector current 
with the normal spread of transistor parameters is mag-
nified by the resultant dc positive feedback. As a result, 
the designer is faced with the three following alterna-
tives, each of which is incompatible with meeting the 
requirements: 1. to accept poor stability in return for 
good efficiency; 2. to accept poor efficiency in return for 
good stability; 3. to abandon the singl,..-battery ap-
proach and use two batteries. 
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Fig. 3—DC resistance characteristics of transistor emitter and 
base circuit varistor. 

All of the above problems were solved by the use of a 
varistor rather than a resistor in the base circuit. The 
varistor, having a negative slope dc resistance-versus-
current characteristic, as does the emitter itself, pro-
vides the right type of base resistance to permit the 
maximum emitter current to flow for a given starting 
current provided by the bleeder. This is illustrated in 
Fig. 3, where the dc resistance-versus-current character-
istic of the emitter of a typical 1768 transistor is shown 
along with the resistance characteristic of the diode used 
in the base. It is seen that the two characteristics are 
practically identical. The starting current provided by 
the bleeder will therefore divide approximately evenly 
between the emitter and base circuits. However, as the 
collector current builds up and the base current in-
creases correspondingly, the varistor resistance drops 

from its initially high value to a relatively low value and 
the dc stability problem is solved. Furthermore, since 
the voltage drop across the varistor rises only very 
slowly with increase in current, as illustrated in Fig. 4, 
the magnification of the normal collector current varia-
tion of different transistors due to dc positive base feed-
back is practically eliminated. 
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Fig. 4—Base circuit varistor dc-El characteristic. 

10 

Even though the bias resulting from the necessity of 
introducing resistance in the base circuit to make oscil-
lation self starting is reduced to a minimum by the use 
of a varistor, as discussed above, it still results in a net 
positive bias on the emitter under steady-state condi-
tions. In order to get collector current conduction over 
less than half the operating cycle and thereby obtain 
Class C operation with its resultant increase in collector 
conversion efficiency, it is necessary that the net emitter 
bias be negative in order to bias the transistor beyond 
cutoff. The required negative bias is provided by the 
rectifying action of the emitter and the introduction in 
the emitter circuit of R3 and C3 in parallel. The required 
negative bias results from the rectified emitter current 
flowing in R3. 
The R3, C3 elements perform still another function. 

Some self-adjustment feature is needed to assure that 
the variation in output of the oscillator will not be too 
great with transistors having a reasonable range of op-
erating parameters, and as a result of transistor param-
eter changes with temperature. The bias across RI is 
proportional to the oscillator output and varies in a way 
to expand and contract the operating angle, thus pro-
viding the required avc action. This avc action uses 
the battery voltage as its reference potential. 
An oscillograph of the collector current versus time 

for a typical 1768 transistor is shown in Fig. 5(a). It is 
seen that collector current flows over appreciably less 
than half the total operating cycle and that the collector 
is cut off during the remainder of the cycle. The output 
voltage is shown in Fig. 5(b) and the approximation to 
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a pure sinusoidal wave is surprisingly good in view of 
the smallness of the output transformer providing the 
shunt inductance branch of the tank circuit, the low fre-
quency, and the extreme nonlinearity of the load which 
is illustrated by the load current versus time shown in 
Fig. 5(c). 
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Fig. 5—Oscillator current and voltage wave shapes. (a) Collector 
current. (b) Collector-to-ground voltage. (c) Load current. 

The functions of all elements in the circuit, except the 
130 ohms in series with the emitter and the 0.25 mf 
across the collector winding of the transformer, have 
now been described. To describe their function it is nec-
essary to return to the varistor in the base. This element 
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Fig. 6—Emitter input dc-El characteristic. 

not only solved the starting problem, but also made it 
possible to approximate the square wave of collector 
current which is desirable from the standpoint of the 
best Class C operation. To see how this happens, ex-
amine the voltage-current characteristic of the emitter-
to-ground circuit, as shown in Fig. 6. Note that the 
slope of the characteristic at collector potentials above 
3 volts is negative over a wide range of emitter current. 
This means that at the point on the positive half cycle 
of the sine wave of feedback voltage from the trans-

former where the algebraic sum of the instantaneous 
value of the feedback voltage and the negative bias volt-
age across R3 equals the peak emitter voltage on the 
characteristic shown, the emitter current rises rapidly 
to a point where the collector current goes into satura-
tion in a way similar to the action in transistor switching 
circuits. Without slowing down this action, however, the 
desired sine-wave oscillations may never commence un-
der initial starting conditions since the transistor may 
either lock up in a conducting state or operate as a block-
ing oscillator. By placing a resistance, RI, in the emitter 
circuit, so chosen that the net resistance is positive but 
small for all 1768 transistors, we obtain a sufficiently 
fast rise in emitter current and yet keep the circuit in 
dc stable condition under which the desired funda-

mental ac osuillit ions can build up to a stable steady 
state. The dotted line in Fig. 6 shows the positive slope 
of the input voltage current characteristic at 6.0-volts 
collector voltage resulting from the introduction of the 
130 ohms chosen as the value of R1 in the emitter cir-
cuit. Note that it still takes only a few tenths of a volt 
change in feedback voltage to produce 6-or-7 mils emit-
ter current, which is adequate to produce collector cur-
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Fig. 7-0scillographs showing effect of R1 on collector current. 

rent saturation. The resultant fast rise time in collector 
current, which is necessary for best Class C operation, is 
a direct consequence of the short-circuit instability in-
herent in a transistor with a high base resistance. In the 
low-drain oscillator this base resistance is provided ex-
ternally by the varistor in the base for the reasons al-
ready discussed. 

The effect of variation in R1 on the operation of the 
circuit is illustrated in Fig. 7, where oscillographs of col-
lector currents with R1 equal to the normal value of 130 
ohms and with R1 reduced to 50 ohms are shown. The 
transistor chosen for this illustration was selected from 
the bottom of the distribution of transistors, considered 
on the basis of voltage output. This effect of R, on col-
lector current demonstrates the desirability of keeping 
RI as small as possible consistent with the maintenance 
of satisfactory and stable operation over the entire 
range of variation of parameters of the 1768 transistor. 
The function of the 0.25-mf condenser across the col-

lector winding of the transformer is now apparent. This 
condenser provides the necessary low impedance to har-
monics of the collector current required for a high-ef-
ficiency Class C oscillator. Without the condenser, the 
impedance presented to harmonics by the leakage re-
actance of the transformer would prevent the desired 
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;hort collector current rise time. Collector current cut-
)ff occurs on the decreasing side of the positive half of 
:he feedback voltage in a reversal of the action de-
;cribed above for transistor turn on. 
From the above description of the operation of the 

:ircuit it is now apparent that the transistor is acting 
substantially as a switch which is turned on and off on 
the rising and decaying portions, respectively, of the 
positive half cycle of the voltage fed back to the emitter 
by the feedback winding of the output transformer. This 
results in a load curve quite different from that obtained 
in a Class C oscillator in which the collector is driven 
into overload only near the peak of the feedback voltage 
on the conducting half cycle. 
This is illustrated in Fig. 8, which gives an oscillograph 

of the collector current versus the collector voltage over 
one complete cycle of operation. Load characteristic is, 

-2  -3 -4 -5 -6 -7 -8  -9 10 
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Fig. 8-0scillograph of collector load curve. 

in fact, something of a misnomer since the shape of the 
characteristic is unchanged by variation of the load re-
sistance over an extremely wide range. The only change • 

resulting from the change in load resistance is the extent 
to which the transistor is driven into voltage overload 

as indicated by the minimum value of collector current 
reached at the maximum positive swing of the collector 
voltage. The dotted line shows the Class C load charac-
teristic for a 1,000-ohm load (operating angle is as-
sumed close to 180°, in which case the slope is approxi-
mately 1/2 RL or 500 ohms) when the emitter and the 
collector currents are approximately linearly related to 
the feedback voltage on the conducting half of the cycle. 
The load which the oscillator was designed to drive is 

a magnetic amplifier which draws appreciable current 
) only on the positive half cycle of the load voltage. As a 
) consequence of this characteristic of the load, the poling 
) of the load winding of the output transformer is critical 
; and should be as shown in Fig. 1. If the poling is reversed 
I from that shown, the output voltage of the oscillator is 
i increased. However, the performance of the magnetic 
; amplifier is nevertheless poorer because of the high irn-
, pedance presented to the fundamental current flowing 
i in the load circuit resulting from the collector current 
I being cut off during the period when the load is con-
ducting. It is therefore necessary, for best operation, 

t that the output be so poled that the load and transistor 
) collector are conducting on the same half cycle. This 
I poling makes it unnecessary for the transformer to store 
I high energy for half a cycle. 

CIRCUIT PERFORMANCE 

The operation of over five hundred type 1768 tran-
sistors was observed in various models of the oscillator. 
These units were coded as 1768 transistors from labora-
tory production of the Bell Telephone Laboratories at 
Murray Hill and from pilot production runs at the 
Allentown Plant of the Western Electric Company, 
strictly on the basis of measurements of the electrical 
parameters of the transistors and without any go-no go 
circuit tests. Based on a statistical analysis of all results, 
it can be safely said that at room temperature and 6-
volts battery voltage, not more than 1 unit in 1,000 
coded 1768 transistors will give an output across the 
specified magnetic amplifier load of less than 9.0 volts, 
which is 0.5 volt greater than the minimum require-
ment, and not more than 1 unit in 1,000 will draw more 
than 33 mw, which is less than the 35-mw maximum of 

the requirements. 
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Fig. 9—Circuit-performance curves. 

In order to determine the performance to be expected 
of preproduction Allentown units, 30 units were taken 
at random from this production and complete operating 
data taken as a function of temperature over the range 
from —22°F to +140°F with nominal battery voltage 
of 6.0 volts. These data were analyzed and the average 

and 3a limits of both the output voltage to the magnetic 
amplifier load and the total dc input power were deter-
mined as a function of temperature. The results are 
given in Fig. 9. An examination of the output voltage 
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at the lowest temperature in the operating range, which 
is the most critical temperature from the output voltage 
standpoint, shows the average output voltage to be 10.5 
volts and the 3o• limit 1.2 volts. Not more than 1 unit 
in 1,000 would therefore be expected to drop be-
low 9.3 volts' which is 0.8 volt above the requirement 
at any temperature in the operating range. The most 
critical temperature from the power input standpoint is 
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Fig. 10-0scillographs of collector current fur three different 
transistors at three different ambient temperatures. 

at the top end of the operating range. Here the average 
power input is 25.2 mw and the 3o. limit 4.1 mw, so that 
not more than 1 unit in 1,000 can be expected to exceed 
29.3 mw power drain at any temperature in the operat-
ing range, and this is well below the requirement. These 
results are even better than those quoted above for 
earlier developmental models of the 1768 transistor at 
room temperature and current preproduction models of 
the A1768 transistor are proving to give even slightly 
better performance than that shown in Fig. 9. 
An interesting illustration of the action of the avc cir-

cuit in maintaining relatively uniform output was af-
forded by the temperature tests. Fig. 10 shows oscillo-
graphs of the collector current versus time at nominal 
battery voltage for three A1768 transistors at three dif-
ferent temperatures. One temperature was well below 

2 The statement made here and later on the number of units to 
be expected to fall outside an upper or lower 3ct limit is based on 
the assumption of a normal distribution. Experience with a large 
quantity of performance data on the oscillator has led to the con-
clusion that this assumption is a fairly good one. However, it would 
be more conservative to consider the numbers quoted as falling out-
side certain limits as order of magnitude rather than as absolute 
values, and that the true numbers falling outside these limits might 
therefore be two or even three times as large as a result of failure of 
the distribution to be a truly normal one. 

the operating range, one was room temperature, which 
is within the operating range, and one at a temperature 
well above the operating range. The numbers in the up-
per ;eft of each oscillograph are serial numbers of A1768 
units. The three transistor units were selected to be 
represent:ilk c of :I:e bottom, the middle, and the top of 
the normal distribu lien of A1768 transistors from an 
output volt:1g( standpoint. Below each oscillograph of 
collector current, the oscillator rms output voltage, E., 
and the total de power input  are given for the con-
dition indicated. It is seen that, .ilthough the range of 
peak collector current is greater than 3:1, the output 
voltage varied only over a range of ± 12 per cent. The 
power input, of course, varied more, but even here the 
highest power input is only 2 mw above the maximum 
requirement, and this at a temperature well in excess 
of the maximum required. Within the required operat-
ing range the power input stayed well below the maxi-
mum permissible. 
The oscillator frequency, which is 130 cycles, is sub-

stantially constant for different transistor units, and 
with change in transistor ambient temperature over the 
operating range, variations of less than 1 per cent clue to 
these causes were observed. The chief cause of frequency 
variation will be inductance and capacitance changes of 
the tank circuit with time and temperature and in-
ductance changes caused by de current variation, and 
these changes should easily be made sufficiently small 
with proper component design, to hold the oscillator 
frequency variation within the required + 7 per cent. 
Fig. 11 shows curves of the oscillator frequency as a 
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Fig. 11—Oscillator frequency. 

function of load resistance and of the LC product of the 
load winding tank circuit. The frequency is seen to be 
independent of load resistance above 17,000 ohms and 
to vary only 3 per cent down to a load resistance of 9,000 
ohms. The frequency as a function of tank circuit LC 
product is interesting largely from the standpoint of the 
difference between the computed tank frequency and 
the actual oscillating frequency. This is seen to be ap-
proximately 3 per cent for LC=1.89 X10-6, which is the 
LC value for the present circuit. This difference is ac-
counted for by the phase shift in the emitter circuit be-
cause of the fact that C 3 is not sufficiently large to make 
its reactance negligible at the oscillating frequency and 
this phase shift must be compensated for by the circuit 
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a)scillating off the resonant frequency of the tank circuit. 
.t is apparent that the frequency is controlled princi-
)ally by the tank circuit, and, with proper design of the 
rank circuit components should be held within the re-
, piked range with little difficulty, as pointed out above. 
Insofar as harmonics are concerned, the ratio of har-

, tonic voltages to fundamental voltage for the magnetic 
implifier load and a 21,000-ohm resistance load are 
;flown in Table I. The harmonic components of the col-

TABLE I 

Harmonic Components of Load Voltage and Collector Current in 
Percentage of their Respective Fundamental Magnitudes 

Load 

Magnetic 
Amplifier 

21K 
Resistance 

Load Voltage 
Fundamental 
2nd harmonic 
3rd  " 
4th " 
5th 
6th 
7th 
8th 
9th 
10th 

100.0 
15.4 
5.4 
5.1 
4.0 
2.3 
2.1 
1.7 
1.3 
1.2 

100.0 
5.6 
3.9 
2.9 
0.6 
0.6 
0.5 
0.2 
0.1 
0.1 

Collector current 
Fundamental 
2nd harmonic 
3rd 
4th 
5th 
6th 
7th 
8th 
9th 
10th 

100.0 
28.5 
40.0 
55.2 
24.0 
13.3 
25.2 
9.7 
9.4 
10.9 

100.0 
26.9 
36.8 
45.3 
16.3 
13.9 
15.8 
2.1 
8.4 
4.7 

lector current for the same load conditions are also 
given. It is seen that the maximum harmonic voltage 
with the magnetic amplifier load is only 15 per cent of 
the fundamental voltage, which is well within the re-
quirement and which, when we consider the shape of the 
collector current wave and the extreme nonlinearity of 
the load, coupled with the small transformer size and the 
low fundamental frequency, is surprisingly good. The 
improvement in the shape of the output voltage wave 
form for a linear load is apparent from the table. 
Finally, regarding stability of output voltage with 

change in battery voltage, the results are shown in Fig. 
12. It is seen that the rms output voltage is practically 
a linear function of the battery voltage. The percentage 
drop in output voltage is slightly greater than the per-
centage drop in battery voltage, but this is more than 
compensated by the better-than-asked-for performance 
at the nominal voltage. The function of the battery as a 
reference voltage in the avc circuit is illustrated by the 
variation in peak collector voltage and the difference 
between peak collector voltage and battery voltage, 
both of which are plotted as a function of battery volt-
age in the same figure. The difference in peak collector 
voltage and battery voltage is seen to be almost con-
stant with battery voltage change over a wide range. 
This difference is equal to the sum of the magnitude of 
the minimum collector voltage reached when the collec-

tor is driven to voltage saturation and the voltage drop 
in the base circuit at the same instant. 
The circuit operation has been discussed with chief 

emphasis placed on transistor variations from unit to 
unit and with temperature. However, because of the re-
liability and stability of operation obtained with the 
diode biasing and avc circuits, the lack of criticality of 
the circuit to transistor parameter changes also extends 
to the other elements of the circuit. Note, for instance, 
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the range of variation of load resistance in Fig. 11 over 
which the circuit continues to oscillate. The one excep-
tion is the series emitter resistance RI. If the design 
value of this element is set at the absolute minimum 
value for which stable operation is obtained for all 1768 
units, then obviously a decrease in this resistance would 
result in circuit instability for at least some units, the 
number increasing with the amount by which R1 falls 
below the design value set. In selecting the final value of 
R1 for a production design oscillator, the value should be 
chosen sufficiently higher than the critical value to allow 
a margin equal to the tolerance on RI. 

CIRCUIT DESIGN THEORY 

A certain amount of qualitative design theory has al-
ready been presented in connection with the general de-
scription of the circuit and discussion of the circuit 
element functions. However, nothing was said about the 
transformer design. This will now be discussed. 
The choice of transformer turns ratio will first be con-

sidered. Fig. 13 gives a small signal linear analysis of the 
oscillator circuit. Equation (2) of this figure gives an ex-
pression for the feedback loop gain, 43, of the circuit. 
The requirement for oscillation of a linear Class A os-
cillator is that the feedback loop gain shall be unity and 
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A = 

have zero phase angle. In the Class C circuit under con-
sideration, it was assumed that: (a) the requirement for 
oscillation is that  averaged over a complete operating 
cycle should equal unity; (b) p.,8 is equal to zero over the 
nonconducting portion of the operating cycle; and (c) 
the average value of 110 over the operating portion of the 
cycle will be equal to  determined from the small sig-
nal Class A values of the transistor parameters and the 
base varistor resistance. With these assumptions, (2) of 
Fig. 13 was solved for a for an operating angle of 150° 
and a collector load of 1,000 ohms.3 Two real values of a 
satisfy the requirement, but the smaller value, namely 

, IDEAL 

'TRANSFORMER' 

.1-i. 
aL,  2,, 

la ; 
'TURNS RATIO ' 

ii(R„  r,  rb  a2RL)  i2(re aRL)  Vet 

ii(rb  r,,,)  i2(r, 4 - re -I- RL) = 0 J 
+ r,  re -I- a2RL  re+ aRL  ' 

re+ aRL -F r,„  le+ RL 

=  =   where Ao = A when r„,  0 
Ao 

(1) 

r,„(t e (iRL)   
=    , (2) 
(r, ± re+ RL)(Rg Pi +  re + a2RL) — (re + aRL)2 

where r's are given in terms of the measured R's of the transistor as 
follow,: 

rb =  Ry2  =A 

=  ro, 

75 ohms 

80 ohms 

=  R21 — r1, 16,000 ohms 

r, = R2.2  r = 6,800 ohms 

Note: Any external resistance added in base must be added to rn, 
For feedback winding in series with base rather than emitter 

expression for laft is 

for average M1768 unit. 

r„,(le-l-a2RL-FaRL)   
41—  ) 

(refre-FRL-FORL-1-2aRL)(Rp+,e+rbi-atRL)—(re-FeRL-FaRt.)2 (2a 

See above note on external base resistance. 

Fig. 13—Small-signal linear equivalent circuit of oscillator. 

0.325, was selected for more efficient loading. This cor-
responds to a collector-to-feedback winding turns ratio 
of 2.9. An experimental check resulted in a final value of 
2.8, which shows how close the linear analysis approxi-
mation proves to be. 
The optimum collector load was initially found to be 

approximately 1,000 ohms. With an 11,000 ohm load, 
this would call for a load winding-to-collector winding 
turns ratio of 3.3, 3.4 x% as finally determined experi-
mentally, so here again the experimental and computed 
results check very well. 
Once the transformer turns ratio has been deter-

mined, the inductance of one of the windings must be 
selected. The load winding, which is also the tank cir-
cuit inductance, was selected. Two conflicting factors 
govern this choice. It is desirable to keep L as low as pos-
sible to provide as small an L/C ratio as possible and 

3 The referred to a is a transformer turns ratio and not the 
a =r1/r, associated with the equivalent circuit of a transistor. 

thereby present the minimum possible impedance to th 
load at harmonics of the fundamental frequency. On th 
other hand, with a given transformer core size and fre 
glICIICV the nonloaded Q of the transformer is essential! 
fixed, and the smaller the L is made the greater be 
comes the ratio of transformer core losses to load power. 
This latter factor forced a larger value of load winding 
inductance in the circuit than would have been desirable 
from the standpoint of the impedance presented by the 
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Fig. 14—Power output and efficiency of oscillator. 

oscillator output circuit to harmonics of the fundamental 
frequency. This was a consequence of the low Q resulting 
from the small transformer selected with prime consid-
eration to space reduction. This will be considered fur-
ther in connection with the discussion of the power out-
put of the oscillator. 
In presenting circuit-performance data, the output 

performance of the oscillator circuit was discussed only 
in terms of the voltage delivered to the actual load it 
was designed to drive. This is a satisfactory load per-
formance criterion only when the load is predetermined 
and fixed. If general oscillator design theory is to be dis-
cussed, and the means for obtaining maximum operating 
efficiency determined, the oscillator output must be con-
sidered in terms of useful power delivered to the load. It 
was pointed out earlier that in the interest of size reduc-
tion, a smaller transformer was used than would have 
been chosen if maximum circuit conversion efficiency 
were the prime consideration. The cost of obtaining this 
reduction in transformer size in terms of loss of circuit 
conversion efficiency is illustrated in Fig. 14, where 
curves of power output and conversion efficiency versus i 
load resistance are given. Two curves of power output. 1 
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) are shown, one for the power Pi, delivered to the load 
resistance RL and the other for the power delivered to 
the load plus the power dissipated in transformer core 
4osses. The sum of these two powers is indicated as Ps. 
The corresponding efficiencies, EN and ETR, are also 
shown. EN is the net circuit efficiency given by the ratio 
of the power delivered to the load to the total dc power 
input and ETR is the transistor efficiency given by the 
ratio of the sum of the power delivered to the load and 
the transformer core losses, to the dc power input. 
These curves show that at 11,000 ohms, the load for 

which the oscillator was originally designed, the load 
power Pi., and the over-all circuit efficiency EN are maxi-
mized. Transformer losses are, however, absorbing 23 
per cent of the total power output. When the load was 
changed and the equivalent shunt resistance of the linear 
impedance characterizing the new load proved to be 
21,000 ohms, the output power, as shown on the curves, 
dropped from 7.7 mw at 11,000 ohms to 5.5 mw at 
21,000 ohms and the net efficiency dropped from 26 to 
20 per cent. Because of a lower power input requirement 
on the new load, the oscillator still supplied sufficient 
drive. However, the transformer core losses consume 
two-thirds as much power as the load itself under the 
new load conditions. 
It is interesting at this point to note an important dif-

ference between a low-power vacuum-tube oscillator and 
a low-power transistor oscillator. Because of the neces-
sity of supplying a minimum amount of heater power, 
the potential vacuum-tube efficiency at low-power out-
puts is sufficiently low so that a relatively inefficient 
load coupling circuit may not appreciably reduce the 
over-all circuit efficiency. In contrast, the potential 
transistor efficiency is sufficiently high at low-power out-
puts so that there is much to be gained in over-all cir-
cuit efficiency by maximizing the efficiency of the 
coupling circuit to the load. An examination of the effi-
ciency curves of Fig. 14 might lead to the conclusion 
that an increase in load-to-collector transformer winding 
turns ratio would result in more efficient loading; but 
without an increase in nonloaded Q of the load winding 
of the transformer, this change results in no improve-
ment. An examination of the reason for this leads to a 
solution of the optimum turns ratio for any given set of 
, load conditions, transformer Q, and tank circuit L/C 
ratio for this circuit. 
In obtaining a general solution to the optimum turns 

ratio of the load to the collector winding for the oscilla-
tor circuit being described, it is convenient to combine 
' not only the power delivered to the load and the trans-
• former losses, but also the resistances which account for 
these losses. Re, the shunt resistance at the load winding 
impedance level which accounts for the transformer core 
, losses in the equivalent circuit of the transformer, is 
therefore combined in parallel with the load resistance, 
RL, to get a net load resistance Rs. Thus Rs is the load 

•i, which would be effective if the transformer were ideal 
; and the losses of the actual transformer were lumped 
!, with the load. Re is closely approximated by Qco)Lc at 
the fundamental frequency (in this case 120 cycles) since I 

• 

a resistance load is being considered. Qc is the nonloaded 
Q of the load winding of the transformer and Lc is the 
load-winding inductance. The total power output Ps 
and the transistor efficiency ETR , given in the curves of 
Fig. 14, are then replotted as a function of the net load 
Rs, and the resultant curves are shown in Fig. 15. 
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Fig. 15—Transistor power output and efficiency curves. 

The design approach to the turns ratio of the load 
winding to the collector winding of the transformer is 
given in Fig. 16. The analysis given is a single-frequency 
analysis which assumes a sufficiently low tank circuit 
L1C ratio that the harmonics are suppressed to a point 
where they have only a second-order effect on the effi-
ciency of the circuit. If the L/C ratio is allowed to rise to 
a point where appreciable power is dissipated at har-
monic frequencies, then the wave form and efficiency 
will both suffer and the analysis given will no longer ap-
ply. however, the L/C ratio requirement for best mag-
netic amplifier performance should preclude an L/C 
selection which would be high enough to be outside the 

limits of the analysis. 
The design approach of Fig. 16 starts by segregating 

the load and collector windings, and the load, from the 
rest of the transistor circuit. An ideal transformer of 
turns ratio n is then placed between the load resistance 
and the transformer load winding. The load resistance 
is then moved through the ideal transformer and ap-
pears across the load winding of the transformer with 
the appropriate impedance transformation, as shown in 
the figure. Finally, the ideal transformer is eliminated 
by combining it with the actual transformer in the ap-
proximation given in the figure, and it is this final ap-
proximation in which the load winding is now changed 
by a factor of n in turns ratio that is to be considered. 
It is convenient to take the ratio of the loaded Q of the 

transformer load winding Qs to the nonloaded Q, Qc, 
both as defined in Fig. 16 as a fixed parameter in the dis-
cussion. For any given value of this ratio it is possible to 
determine the value of Rs for any given load resistance 
RL and any given ratio in load winding turns to the 
original circuit load winding turns as given by the factor 
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n, front (3). For this discussion, RL will be taken as the 
21,000 ohms of the present oscillator load. With Rs de-
termed as a function of n, RL, and Qc/Qs, it is now pos-
sible, from the curves of Fig. 15, to determine Ps and 

- Al 16 

_ Jr IS 

2.8: 9.6 

TUR N', HATIO 

r IDE AL 

RANSF ORMER I 

- Cc 
F4c  

II 
,D) 

R, I • n 

= 0 01 TRANSF3R MER LOAD WINDING 

II 

c, 

Gs = Cc f 

Rs 
Os = — — = LOADED 0 OF TRANS. LOAD WINDING 

-icTE AT. 
TRANSFOR MER! 

II 

a:  I 

11 

1 16 
".0  II 

2 8  96 0  n • 9.6n  O c = 

. RC = OCcol:c = n2Rc 

_torc   /RL 

1 1  n2wLe 
coLcGs = —  = coLc(Gc +G)— +  

Qs  Qc 

1 1 

Qs Qc 

= 

G = 

Gs 

tOwLc n2Rs  

RL RLQs' 

RL Qs -1 

-Li- -} n2 Qc 

PL (power into load) = PS = Ps (1 —  
Gs Qc 

Where Ps is sum of load power & transformer loss, 

Qs 
E„ (net efficiency) = —Gs ETA { = Ers (i —  . 

Where 

Load power -I- transformer loss 
ETR = X 100, 

Total battery power input 

tt2Rs  RL [1 Qs 
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Fig. 16—Optimization of output transformer turns ratio. 

(7) 

ETR . Given Ps and ETR, the load power Pi, and the net 
efficiency ER can be determined from (5) and (6), re-
spectively. Given Pi, and EN the, total dc power input 
can then be computed directly. These three operating 
parameters, PL, EN, and total dc power input have been 
determined as a function of n with Qc/Qs as a parame-
ter, and the results are plotted in Fig. 17. 
Now consider how the curves of Fig. 17 may be used 

to arrive at an optimum load-to-collector winding turns 
ratio. (Note that these curves apply only to a 21,000-
ohm load. Similar curves may be determined in the same 

way for any other load resistance, however.) The pres-
ent oscillator transformer load winding has a nonloaded 
Q of 13.5 at 120 cycles. The maximum value of load-
winding inductance consistent with a sufficiently low 
L/C ratio to satisfy circuit output impedance require-
ments was selected; for this inductance and a non-
loaded Q of 13.5, the loaded Q is 5.2, giving a Qc/Qs ra-
tio of 2.5. The "A" curves of Fig. 17 therefore apply, and 

9 

• 

33 

28 

26 

1, 24 

22 

20 

30 

26 

2 26 

7 24 

6. 22 

47. 
t 20 

18 

16 
07 08 09 I 0 2 

Fig. 17—Power output, power input, and efficiency curves. 

I 6 

an examination of the efficiency curve at n =1.0 shows 
that the present circuit is already operating at close to 
maximum potential efficiency. An examination of the 
"A" power-output curve shows that a slight increase in 
power output could be obtained by increasing the turns 
ratio of the load-to-collector windings by a factor of 
n =1.2, but the increase was not sufficient to merit a 
change in the final experimental model of the oscillator. 
In order to obtain a worth while improvement in 

either power output or circuit efficiency, a larger trans-
former with considerably higher nonloaded Q must be 
used. Consider, for example, operating on curve "C" 
with n=1.33. This would give 7.4-mw output for 
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l9-mw input,' as compared with 5.5-mw output for 27-
nw input with the present circuit. Therefore, 1.9 mw 
.)f the 2.0 mw added input power, or practically the 
.ntire amount, are obtained in added load power. To do 
his and retain the same L/C ratio as at present, Qs 
nust be increased to 20.9/16.7 times the present Qs, 
6.1. (This ratio is determined from Fig. 16.) Since 

2c/Qs for the "C" curves is 4.0, the required trans-
ormer load winding Q is 24.4, or nearly double that 
)f the present transformer. 
Any increase in transformer Q obtained by increasing 
:he core size could just as well be used to lower the L/C 
Patio of the load tank circuit, thereby lowering the im-
xdance to harmonics of the fundamental with a re-
;ultant improvement in output voltage wave shape, or 
:he increase in Q could be used to lower the power input 
Petaining the same power output and L/C ratio. Re-
tPardless of the way in which increased Q is used to im-
wove performance, an approximate determination of 
:he necessary transformer change may be obtained from 
:he curves of Fig. 17. 
If the transistor is not charged with the high core 
osses in the present transformer, which are a direct re-
;ult of the emphasis on space reduction in the oscillator 
nodel covered in this paper, it is seen from Fig. 17 that 
:he transistor is converting dc power into ac power with 

4 Comparable power inputs for the magnetic amplifier load are as 
nuch as 3 mw lower than for "equivalent" resistance load since equi-
/alence is not exact. 

a net efficiency of 34 per cent. The theoretical maximum 
efficiency for a Class C square-wave current, sine-wave 
voltage oscillator for a 150° operating angle is 74 per 
cent. An analysis of the collector conversion efficiency 
of the transistor in the oscillator under discussion shows 
it to be close to 60 per cent, which is quite close to the 
ideal. The difference between the 60-per cent collector 
conversion efficiency and 34-per cent net efficiency is ac-
counted for by power dissipated in the bias circuit and 
emitter circuit series resistance, bleeder power necessary 
for self starting, power dissipated in the base circuit, and 
emitter power necessary to maintain oscillations. Since 
most of the power dissipated in these elements con-
tributes to the constancy and reliability of circuit per-
formance and should not be considered lost power, the 
net efficiency of 34 per cent is highly satisfactory. 

CONCLUSIONS 

The above results demonstrate the suitability of a 
transistor as the active element in an oscillator to meet 
the requirements given. The required circuit is simple, 
reliable, and compact, and the same efficiency could not 
be achieved using a currently available vacuum tube 
since the lowest powered tube which could supply the 
required output power would require a filament power 
about equal to the total power input to the present tran-
sistor oscillator. rurthermore, two batteries would be 
required, one of which would be of higher potential than 
the single battery used in transistor oscillator circuit. 

A Junction Transistor Tetrode for 
High-Frequency Use* 

R. L. WALLACE, JR.f, L. G. SCHIMPFt, SENIOR MEMBER, IRE, AND E. DICKTENt 

Summary—lf a fourth electrode is added to a conventional junc-
tion transistor and biased in a suitable way, the base resistance of 
the transistor is reduced by a very substantial factor. This reduction 
in rs permits the transistor to be used at frequencies ten times or 
more higher than would otherwise be possible. Tetrodes of this sort 
have been used in sine-wave oscillators up to a frequency of 130 mc 
and have produced substantial gain as tuned amplifiers at frequencies 

of 50 mc and higher. 

INTRODUCTION 

A
FEW EXPERIMENTAL MODELS of the junc-
tion transistor tetrode to be described in this 
paper have been built in the laboratory and have 

been subjected to a preliminary evaluation of their cir-

cuit performance. 
The measurements which have been made to date 

indicate that these tetrodes are useful at very much 
, higher frequencies than are conventional junction 
transistors. Sine-wave oscillations have been obtained 
at frequencies as high as 130 mc and tuned amplifiers 
have shown gains as high as 11.8 db at 50 mc. Further-

* Decimal classification: R282.I2. Original manuscript received 
, by the Institute, August 18, 1952. 

f BeU Telephone Laboratories, Inc., Murray Hill, N. J. 

more, these transistors are capable of rather wide-band 
operation. For example, a grounded-base stage op-
erated between resistive terminations can produce 22.3-
db gain with the cutoff frequency at 5 mc. This amounts 
to a gain-band product of a little more than 800 mc. 
As a band-pass amplifier for frequencies centered around 
32 mc, this same transistor gives 15-db gain over a 
bandwidth of 9 mc. 
Time has not permitted a thorough study of the high-

frequency properties of these devices. For this reason, 

we are forced to set rather limited objectives for this 
paper. First, we will attempt to show that the device 
does have useful high-frequency properties by present-
ing the measured performance of various amplifier and 
oscillator circuits in which it has been tried. Second, we 
will present some rough approximations to indicate 
that three factors may be principally responsible for the 
improvement in high-frequency performance as com-
pared to that of conventional junction transistors. These 
are the following: 

1. The base resistance of the transistor has been re-
duced through the use of the tetrode structure. 
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2. Cutoff frequency of a has been increased by using 
somewhat thinner p layers than often used. 

3. The collector capacitance has been reduced by 
decreasing the area of the collector junction to ap-
proximately 10-4 square inches. 

THE STRUCTURE 

Fig. 1 shows the geometrical configuration of the 
junction tetrode and the symbol which will be used in 
this paper to represent it. This is identically the same 
structure as previously reported'a for the junction tri-
ode, with the exception that a fourth electrode, b2, has 
been added. This connection is made to the p layer in 
just the same way as the base connection is made but 
on the opposite side of the bar. 

EMITTER 

jb2 

BASE 

p- TYPE 

BASE 

SINGLE - CR ySTAL 
GERMANIUM BAR 

COLLECTOR 

Fig. 1—The tetrode structure is shown above and the symbol used 
to represent it is shown below. 

Throughout this paper we will consider the per-
formance which is obtained by applying a fixed current 
bias, 4 2, between the base and the added electrode. The 
magnitude and direction of this bias are so chosen as to 
make the potential of b2 something like —6 volts with 
respect to base. The emitter and collector electrodes are 
biased approximately the same as they are in conven-
tional junction transistors. In particular, the emitter is 
normally at something like —0.1 volts with respect to 
base. 
Under these conditions, that part of the emitter 

junction which is near b2 is biased in the reverse direc-
tion by almost 6 volts, and hence does not emit elec-
trons into the p layer. In fact, the only part of the 
emitter junction which is biased in the proper direction 
to serve as an emitter is in the immediate vicinity of 
the base contact. This makes all the transistor action 
take place very near the base contact, and hence might 
be expected to reduce the base resistance, rb, of the 
transistor. In the following sections it will be shown 
that rb is reduced and that this results in improved high-
frequency performance. 

1W. Shockley, M. Sparks, and G. K. Teal, "p-n transistors," 
Phys. Rev., vol. 83, p. 151; 1951. 

2 R. L. Wallace, Jr. and W. J. Pietenpol, "Some circuit properties 
and applications of n-p-n transistors," Bell Sys. Tech. Jour., vol. 30, 
p. 530; 1951. 

On the basis of the above discussion one might sup-
pose that the same results could be obtained without 
adding the fourth electrode by simply reducing the di-
mensions of a conventional junction transistor. It turns 

out, however, that the required dimensions are con-
siderably smaller than can be handled conveniently. 
Rough calculations indicate that with the biases men-
tioned above, the whole active part of the emitter must 
lie within something like  of a mil of the base contact. 

LO W-FREQUENCY PROPERTIES 

With a constant current bias applied to b2, the re-
maining three electrodes constitute a triode with prop-
erties which are qualitatively the same as those of a 
conventional junction transistor. The static character-
istics are of the same general shape, similar biasing con-
ditions are suitable, and the usual triode equivalent 
circuit shown in Fig. 2 is appropriate at low frequencies. 

EMITTER 
+ ,4  

ye 

re 
V/ 

,-> 
erb 

Cc 

rmi.e 
COLLECTOR 

LC 

Vc 

Fig. 2--The low-frequency equivalent circuit of a junction tetrode 
when operated with fixed bias on the added electrode, b2. 

The effect of the bias applied to b2 is to modify the 
values of the resistances in this equivalent circuit as 
shown in Figs. 3 through 6. From these figures it can 
be seen that none of the parameters varies rapidly with 
— /b2 so long as this current is greater than about 1 ma. 
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Fig. 3 - An important result of bias on the added electrode is the 
reduction of base resistance. 

Vc = 10 VOLTS 

le= -1 MA 

1.4 1.6 1.8 20 

This is important because it means that the good high-
frequency properties of the device are not dependent on 
a critical setting of this bias. All values between 1 and 
2 ma have been found about equally satisfactory. 
Fig. 3 shows that with no bias on b2, the base re-

sistance is 1,100 ohms for this transistor. As —  42 is 
increased to 2 ma, rb decreases to about 40 ohms. 

The interesting behavior of To at small values of —42 
has not been investigated thoroughly. There is some 
reason, however, to believe that in this range rb is 
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' like frequency dependent and that it has the low 
' 'alues shown only at low frequencies. 
Fig. 4 shows that a decreases more or less uniformly 
rom 0.99 to about 0.75 as -11,2 is increased from zero 
o 2 ma. This increase in alpha has the effect of increas-
ng bandwidth at the expense of gain. 
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;lg. 4 -The bias applied to 12 reduces the current amplification 
factor, a. Note the expanded scal: to which a is plotted. 

-Fig. 5 shows that r, is appreciably reduced by the 
Dias applied to b2. This, too, is in the direction of de-
:reasing gain. 
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Fig. 5-The collector resistance is appreciably reduced by 
bias on the fourth electrode. 

Fig. 6 shows that in the range 1 to 2 ma r1 is increasing 
as - Ib2 is increased, but the total change in r4 is not 
very great. 
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Fig. 6-The emitter resistance is not greatly changed as the 
bias on b2 is changed. 

There is some variation in the properties discussed 
above from one transistor to another, but the general 
ttrends, particularly with respect to rb and a, are the 
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same. Table I shows the values of these parameters for 
five other tetrode transistors. 

HIGH-FREQUENCY PROPERTIES 

At high frequencies the simple equivalent circuit of 
Fig. 2 is not adequate to account for the performance of 
transistors. Among other things it neglects the effect of 
emitter junction capacitance and fails to account for the 
fact that a eventually begins to decrease with increasing 
frequency and to have associated with it a phase angle. 
In discussing the dependence of a on frequency it is 

convenient to define an "a cutoff frequency,"fea, as the 
frequency at which the magnitude of a has been re-
duced from its low-frequency value by a factor of W I 
This frequency is tabulated for several junction tetrodes 
in Table I and is of the order of 15 to 20 mc. 
Shockley' has shown that f,„ should be inversely 

proportional to the square of the thickness of the p 
layer and should be about 20 mc for the p layers of 
roughly 0.0005 inches used in these transistors. This is 
in agreement with the measured values of f. 

TABLE 1 

MEASURED PARAME TERS FOR SEVERAL JUNCTION TE IRODES 
1. - 2 ma, IN= -1.5 ma,  V, -24 v 

Transistor no  I  11  III  IV  V 

r. (ohms) 
rb (ohms) 
r, (meg) 
aa 
(mc) 
(pA1) 

6.9  7.2  7.2  16.8  9.6 
92.5  68.1  93.0  165  48 
0.825  0.655  0.720  1.50  0.335 
0.82  0.793  0.819  0.831  0.857 
18.5  18.2  16.5  16.0  16.5 
1.5  3.2  1.8  2.8  2.6 

Fig. 7 shows the magnitude of a plotted as a function 
of frequency. Here again it can be seen that the effect 
of the bias applied to b2 is to reduce the low-frequency 
value of a, in this case to about 0.82. Cutoff frequency 
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Fig. 7-The cutoff frequency of a is not much changed when the 
tetrode bias is applied, but the shape of the curve is altered in a 
favorable way. 

is not appreciably changed by bias on b2, but above 
cutoff frequency a appears to decrease less rapidly 
with increasing frequency when the bias is applied. 
In order to describe completely and accurately high-

frequency properties of these transistors it would be 
necessary to measure the magnitude and phase of all 
its internal impedances as functions of frequency. Such 
measurements have not as yet been made, but it has 
been found that rough approximate calculations can be 
based on two simplifying assumptions. These are: 
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1. Assume that the equivalent circuit of Fig. 2 is 
correct and complete except for the variation of a 
with frequency. 

2. Assume that the variation of a with frequency is 
given by 

ao   
a = 

1 + Nice 
(1) 

where ao is the low-frequency value and f,„ is the 
cutoff frequency for a. 

1.5 MA 

Fig. 8—The circuit used in obtaining the response 
curves shown in Fig. 9. 

Although these assumptions are not sufficiently good 
to give accurate agreement with high-frequency meas-
urements, they are close enough to permit one to find 
out which parameters of the transistor are most impor-
tant at high frequencies. We will use such calculations 
to show that rb is very important and that one should 
expect substantial improvement in high-frequency per-
formance when rb is reduced as it is in junction tetrodes. 
Consider the circuit of Fig. 8 in which the transistor 

is used as a grounded-base amplifier between a genera-
tor of internal resistance R, and a load of resistance RL. 
Such a circuit was treated in an earlier paper,' in which 
it was shown (17) that 

V2/Vi, — 
(r.  rb  Ro)(1 ± Rare) — arb 

aRL 
(2) 

In this same paper it was shown that the effect of col-
lector capacitance is properly taken into account if r, is 
replaced by r,/ (1+ j2irr,C,f). If this substitution is made 
in (2) and if a is replaced by the value given in (1), the 
result can be reduced to 

(1/9/V6)2 

(a0RL/r) 2 
, (3) r(1_n_FRare)2+0+Rarcr..2   

+(Rart)2x,2 ±(2nRarc)x.x,+(RL/r„)2x.2x,2 

where 

r = Te ± rb  Ru 

n = aorb/r 

= Pfc. 

and 

(4) 

x, = 2.wrcCef. 

The power gain can be computed by multiplying this 
value of (v2/vg)2 by 4R9/RL. 
In order to show the drastic effect which rb can have 

on high-frequency performance, suppose C.= 0 so that 
x, = 0 and suppose further that RL/r, is much less than 
one. In this case (3) reduces to 

(v2/vo)2 — (1 _ + ra 2 
(aoRL/r) 2 

(5) 

From this it can be seen that the response will be 
down 3 db when x„ = (1 — n), that is, when 

ftfra = I 
T0 rb R, 

aorb 

(6) 

If rb =0, then the gain of the stage is down 3 db 
when f =f,a. Suppose, however, that R, =25 ohms and 
that the constants of the transistor are those shown in 
Figs. 3 through 5 for —1.62=0 (i.e., for the transistor 
used as a triode). In this case the response is down 3 db 
at f =0.055fca. If — Ib2 is raised to 1.5 ma, the same sort - 
of calculation shows that the cutoff frequency is raised 
to f =0.603f,„. The effect of the tetrode bias, therefore, 
is to raise the cutoff frequency of the stage by a factor 
of eleven. This increase is partly due to the reduction of 
rb and partly to the reduction of ao. 
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Fig. 9—Measured and computed gains for the 
stage shown in Fig. 8. 

100 

Fig. 9 shows the measured response of transistor I 
(Table I) in the circuit of Fig. 8. Note that with RL 
=5,100 ohms, the gain is 22.3 db and the 3-db point : 
is at 5 mc. This is comparable with the performance of 
good vacuum tubes. Note that if this transistor is used 
as a triode (-162=0) in the same circuit, the cutoff 
frequency is reduced to approximately 0.5 mc. 
The lower solid curve shows that reducing RL to 

2,460 ohms raises the cutoff frequency to 10 mc and 
reduces the low-frequency gain to 18.4 db. 

The dotted curves in Fig. 9 are computed from (3). 
They agree reasonably well with the measured response 
at low frequencies, but the computed gains are appreci-
ably smaller than those measured at high frequencies. 
This is surprising in view of the fact that emitter ca-
pacitance.was neglected in the computations. It may be 
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due to the fact that (1) is not a sufficiently good ap-
proximation for the frequency dependence of a. On the 
other hand, it may be due to a decrease of rb with in-
creasing frequency. 
Assuming that the latter might be the case, (3) was 

used to compute the values of rb required to bring the 
computed curve into agreement with the measured re-
sponse. For this purpose, a new response curve was 
measured with R9=0 and RL= 600. Fig. 10 shows 
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-F i g. 10—Errors in the computed curves of Fig. 9 may be due to a 
variation of rb, with frequency. The values of rb, shown here would 
bring measured and computed curves into agree.nent. 

the values of rb computed in this way. Obviously, this is 
a completely arbitrary way of accounting for the failure 
of (3) to give the right answers at high frequencies. 
Further measurements are needed to show whether it 
has any basis in fact. These computed values of rb will 
be used in the next section to compute the response of 
tuned amplifiers. 

AMPLIFIERS WITH RESISTIVE GENERATOR 
AND TUNED LOAD 

The output impedance of a grounded-base amplifier 
driven by a resistive generator looks like a resistance 
and capacitance in parallel. If the amplifier is loaded 
by a shunt inductance and resistance as shown in Fig. 
11, the inductance will resonate with the output Ca-

46f1 

1.5 MA 

10,000A --' 

---10,00on 

 24V 

Fig. II—Simple tuned amplifier circuit used in obtaining the 
response curves of Fig. 12. 

pacitance to give a peaked response. At the frequency 
of resonance, maximum gain will be obtained when RL, 
is adjusted for match. 
The curves of Fig. 12 were obtained by varying the 

load inductance to obtain various resonance frequencies 
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and then adjusting RL at each frequency to give maxi-
mum gain. Note that the measured gain at 50 mc is 
11.8 db. 
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Fig. 12—The peaks of these response curves show the available gain 
in the circuit of Fig. 11. The dashed curve shows the computed 
locus of these peaks. 

Fig. 13 shows the measured values of the output im-
pedance of the stage in terms of an equivalent parallel 
resistance and capacitance. 
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Fig. 13—The output impedance of a grounded-base stage in 
terms of a shunt resistance and capacitance. 

Under the same assumptions made in deriving (3) 
we can compute these components of the output im-
pedance and the gain which should be measured at the 
peak of the resonance curve. The results are 

Ro = re 
(1 — 

(1 
Co = C, 

(1  n ) 2 +  x. 2 

gain 

n)  nx.x.  Xa2 

— n) — nx„/x,  xa2 

(1 — n)2 + x.2 

(Rorooto2/r2) 

(1 — n)  nx„xe xa2 

(7) 

(8) 

(9) 

Again, if it is assumed that rb is independent of fre-
quency, the computed gains are much too low at the 
higher frequencies. If, on the other hand, it is assumed 
that the values of rb from Fig. 10 are correct, then (7), 
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(8), and (9) give the computed values shown on Figs. 12 
and 13. The agreement between these measured and 
computed values is far from excellent, but it is close 
enough to suggest that rb may decrease with increasing 
frequency in some such way as indicated in Fig. 10. 

BAND-PASS AMPLIFIERS 

The low values of output capacitance and resistance 
shown in Fig. 13 suggest that it should be possible to 
build reasonably wide band-pass amplifiers without 
much sacrifice in gain as compared to the values shown 
for narrow-band amplifiers in Fig. 12. To illustrate this, 
the stage shown in Fig. 14 was designed to pass a 9-mc 

10,00011 

10,000A 

12 MA 

1.5 MA 

0.57 
MH 

Fig. 14—Band-pass amplifier stage. 

band of frequencies centered around 32 mc. The meas-
ured response curve is shown in Fig. 15, from which it 
can be seen that the gain is 15 db, giving a gain-band 
product of 280 mc. The other response curves shown on 
Fig. 15 were measured with coupling networks similar 
to that shown in Fig. 14, but deliberately designed for 
smaller bandwidths at lower frequencies. 
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Fig. 15—Measured response for various band-pass amplifiers 
like that shown in Fig. 14. 

OSCILLATORS 

The circuit of Fig. 16 has been used to observe the 
performance of these transistors as oscillators at high • 
frequencies. It resembles a conventional Hartley cir-
cuit, with the exception that provision is made for ad-
justing the value of the capacitance in the feedback path 
to the emitter. At the higher frequencies the input im-
pedance at the emitter tends to become inductive, and 
it is necessary to adjust this condenser. Used in this cir-
cuit, most of the tetrodes which have been made will 
produce sinusoidal oscillations up to frequencies as high 
as 80 to 100 mc. Four or five have been capable of os-
cillating at frequencies above 100 mc and two will os-
cillate at 130 mc. 

L1, 

MA 

4 

Fig. 16—An oscillator circuit suitable for use with 
junction tetrodes. 

Power output of this oscillator has been measured as 
a function of frequency for one transistor. Between 40 
and 75 mc the measured output was approximately 1 
mw. At 100 mc the output is 0.25 mw and at 115 mc, 0.06 
mw. The collector dissipation was held to about 30 mw 
&ring these measurements. 
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Effects of Space-Charge Layer Widening 
in Junction Transistors* 
J. M . EARIM , ASSOCIATE MEMBER, IRE 

Summary—Some effects of the dependence of collector barrier 
(space-charge layer) thickness on collector voltage are analyzed. 
Transistor base thickness is shown to decrease as collector voltage 
is increased, resulting in an increase of the current-gain factor (a) and 
a decrease in the emitter potential required to maintain any fixed 
emitter current. These effects are shown to lead to two new elements 
in the theoretical small-signal equivalent circuit. One, the collector 
conductance (g,'), is proportional to emitter current and varies in-
versely with collector voltage. This term is the dominant component 
of collector conductance in high-quality junction transistors. The 
other element, the voltage feedback factor (A„), is independent of 
emitter current, but varies inversely with collector voltage. The latter 
element is shown to modify the elements of the conventional equiva-
lent tee network. 

INTRODUCTION 

THIS PAPER DESCRIBES an extension of the 
theory of junction transistors which explains some 

  recent experimental results. In particular, de-
pendence of collector-barrier thickness on collector po-
tential is shown to account for observed collector 
resistances and to explain high base resistances recently 
observed, together with low emitter resistances. 
Principal attention is given to small-signal theory at 

low frequencies, since such measurements are most 
easily made. Emphasis is placed primarily on physical 
behavior and equivalent circuits, with the mathematical 
work appearing in the appendix. 
First, the existing theory is reviewed and interpreted: 

The problem is then restated and the change in the as-
sumptions described. A discussion of the physical be-
havior is followed by a presentation of formal results 
which are interpreted in terms of physical behavior and 
then compared with experimental results. 

PRESENT THEORY 

Junction transistors were first described and analyzed 
by Shockley in 1949.1 In 1951, Shockley, Sparks, and 
Teal described and analyzed some high-quality junc-
tion units.' The later paper and a companion article by 
Wallace and I'ietenpol3 showed the characteristics of the 
units to be almost identical to those predicted by Shock-

ley in his first paper. 
In that analysis,' Shockley assumed a structure simi-

lar to that of Fig. 1, except that it was p-n-p rather than 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 18, 1952. 
t Bell Telephone Laboratories, Murray Hill, N. J. 
W. Shockley, "The theory of p-n junctions in semiconductors 

and p-n junction transistors," Bell Sys. Tech. Jour., vol. 28, P. 435; 
July, 1949. 

2 W. Shockley, M. Sparks, G. K. Teal, "The p-n junction tran-
sistors," Phys. Rev., vol. 83, p. 151; July, 1951. 
a R. L. Wallace, Jr. and W. J. Pietenpol, "Some Properties and 

Applications of n-p-n Transistors," Bell Sys. Tech. Jour., vol. 30, 
p. 530; July, 1951. Also. Psoc. I.R.E., vol. 39, p. 753; July, 1951. 

n-p-n. He assumed uniform, but different, resistivities 
and minority-carrier diffusion lengths in the emitter, 
collector, and base regions. He related the minority-

Fig. 1--n-p-n transistor. 

carrier densities on both sides of each of the p-n bar-
riers to the potentials across these barriers and 
proceeded to solve the diffusion equation for minority 
carriers in each Of the three regions. The relation of the 
currents across the barriers to the barrier potentials 
was then easily computed from the relation of minority-

kT /q1.. 

= sech 
L„b 

1 
Pr =   tanh (-7 ) 

lb 
1 4- - -

Fig. 2 Approximate theoretical ac equivalent circuit for a 
junction transistor. 

carrier densities to these potentials. In the same paper, 
it was shown that increase in the potential across a 
harrier increased the barrier thickness. However, it was 
assumed that changes in collector- and emitter-barrier 
thicknesses did not affect base-layer thickness. 
Under these assumptions, the collector current was 

shown to be independent of the collector reverse poten-
tial whenever the latter exceeded a few times kT/q. 
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Shockley, Sparks, and Teal showed that a very simple 
equivalent circuit results, as shown in Fig. 2.4 At high 
frequencies, collector capacitance shunted across the 
a'i current generator must be included. 
In general, for active four-terminal devices, the small-

signal equivalent parameters depend on bias conditions. 
From this standpoint, the circuit of Fig. 2 is unusual 
since both of the parameters are independent of collector 
potential. In addition, this circuit has no feedback or 
output elements. A practical feedback element of con-
siderable importance, the majority-carrier resistance' 
in the base layer (rib), which will be introduced later in 
the analysis, has been neglected here for simplicity. 

EXTENSION OF THE THEORY 

The fundamental problem in determining equivalent-
circuit parameters of a junction transistor is that of 
relating the currents flowing at emitter and collector 
barriers to the potentials across these barriers. If this 
problem is solved using Shockley's assumptions, modi-
fied only by the additional assumption that the base 
width is dependent on the collector potential, an equiva-
lent circuit whose parameters are dependent on bias 
conditions and which has feedback and output ele-
ments is obtained. 
The physical implications of this assumption may be 

visualized using Fig. 1. The base-layer thickness is in-
dicated by w and the collector-barrier thickness by 
Since the emitter barrier is usually forward biased, it is 
very thin and may be neglected. If reverse collector po-
tential V, is increased, the barrier thickness x,, is like-
wise increased, as Shockley has shown. This reduces the 
base-layer thickness w, since the barrier layer always 
spreads in both directions, although not necessarily 
equally. It is therefore clear that base thickness de-
pends on collector-barrier potential. 
The decrease in base-layer thickness has two princi-

pal effects: It decreases recombination of injected minor-
ity carriers in the base layer since the average carrier 
diffuses across the narrower base in a shorter time. This 
increases the transport factor (3, which is the fraction of 
emitted minority carriers which reach the collector. 
The second principal effect of decrease in base-layer 

thickness is a decrease in the impedance presented to 
minority-carrier current injected by the emitter. The 
impedance seen by this injected current depends on 
base-layer resistivity and base-layer thickness. A re-
duction in thickness results in a reduction in the im-
pedance. Dependence of this impedance on the base-
layer thickness is indicated in Fig. 3, in which are 
shown emitter conductances for electrons injected into 
the base by the emitter and for the holes which are 
simultaneously extracted from the base by the emitter. 
Now since narrowing of the base layer decreases the 

' In this and succeeding equivalent circuits, primes are used to 
distinguish the theoretical circuit parameters from those defined by 
measurements (see, for example, Fig. 6 of footnote ref. 31. Primes on 
potentials indicate barrier potentials rather than terminal potentials. 

resistance to injection of electrons into the base, it must 
increase the proportion of emitter current carried by 
electrons. This is an increase in the emitter -y, which is, 
for an n-p-n unit, the ratio of electron emitter current 
to total emitter current. 
Since both 0 and -y increase as the base layer is nar-

rowed, it is obvious that an increase of collector voltage 
produces an increase of the current-gain factor, a', 
since for most simple junction transistors  Fur-
thermore, what might be called the direct-current emit-
ter resistance, ER.r--- was shown to become 
smaller as the collector voltage increased since the de-
creased base-layer thickness reduced the resistance to 
injection of electrons by the emitter. 

v e 

Gnb = flab, w) 

G„. = Age, Lpe) 

Fig. 3—Emitter equivalent circuit. 

Dependence of a' and R. on collector potential is in- -. 
dicated schematically in Fig. 4. The small-signal I 
effects of this dependence are shown next. 

(b) 

( I e  )  e )1 

w = f(v) 

IC 

A 

vc 

Fig. 4—Generalized dc equivalent circuits for a junction transistor. 

SMALL-SIGNAL EFFECTS 

Fig. 5 shows the equivalent circuit which is obtained 
by including the effects of collector-barrier widening. 
Since /„-__-•age, the output element is given in its 
simplest form as 
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alci  aa' 
gc, = 

a 1,  ay,' (1) 

This says that small-signal collector conductance is 
simply a representation of the dependence of alpha on 
collector potential. The conductance increases linearly 

kT kT aw 
a  

qI. 

LC 

1 Oa  Ic  aw 
= —  = le —  [(1 - a) + (1 - fld 

Fig. 5—Detailed theoretical ac equivalent circuit 
for a junction transistor. 

with emitter current since the current change cor-
responding to any change in alpha depends on the 
current which is flowing. 
For junction transistors having ce•---.43-y in the range 

0.95-1.0, (1) reduces to the forms derived in the ap-
pendix [(11) and (12)1 

1,  Ow 
g,' = — [2(1 —  — 7)1  ' y (2) 

017, 

or 

ab 
= I,[   (3) 

L„ b2 Olt,'  

The factor of two multiplying the (1 -13) term in (2) 
results from the fact that (1 -11) depends on the square 
of the base-layer thickness w, while (1 -7) is directly 
proportional to base-layer thickness. 
Static collector characteristics for an n-p-n junction 

transistor are shown in Fig. 6. The slope of the con-

stant emitter-current lines decreases with increasing 
emitter current, but the effect is not obvious when 
plotted to the scale shown. Fig. 7 shows collector con-
ductance measured at Tic= 3, 6, and 12 volts as indi-
cated by the dashed lines in Fig. 6. The theoretical 
curves were computed using (2); w was determined from 
alpha cutoff-frequency measurement and the depend-
ence of w on V,' was estimated from the dependence of 

this cutoff frequency on collector potential. As a check, 
it was also estimated from the dependence of collector 
capacitance on collector potential. (1 -0) was estimated 

from diffusion-length measurement for minority car-
riers and (1 -7) was obtained by difference between 

measured (1-a) and calculated (1 -#). The agreement 
of measured and theoretical curves is as good as can be 
expected. The decrease of collector conductance with 
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Fig. 6—Collector characteristics of an n-p-n transistor. 

increase of collector bias voltage is the result of de-
crease in the w/ Vs'. As collector voltage is increased, 
the rate of increase in space-charge layer thickness be-
comes smaller, thus decreasing the sensitivity of base-
layer thickness to collector voltage. Fig. 7 shows clearly 

Fig. 7—Collector conductance of an n-p-n transistor. 

that the conductance described by (1) is the major 
component of collector conductance in this unit. 
The feedback element (ilect/c1) in Fig. 5 is a small-signal 

parameter representing the effect of collector-voltage 
increase in decreasing the emitter resistance.' At con-

& The existence of a back voltage on the emitter resulting from 
collector bias was first pointed out by Shockley (footnote ref. 1, 
eq. 5.12) Investigation of the ac effect of this feedback was suggested 
by Ryder. 



1404 PROCEEDINGS OF THE I.R.F. 

1 

November , 

stant emitter current, the required forward emitter po-
tential is decreased as the collector reverse bias is in-
creased since less emitter voltage is needed as the base 
layer becomes thinner. Mathematically, the relation of 
emitter current, emitter potential, and base-layer thick-
ness is approximately' 

nqD„ 
16 etiV  k 7' 

It is easily shown that 

0 V. kri Ow 

av6 qw ay. 
The feedback factor me, is independent of emitter cur-
rent because of the logarithmic relation between emitter 
current and emitter potential. 
In addition to µe„ two additional feedback effects 

should be represented in the equivalent circuit. Small-
signal current through the base electrode produces a 
small-signal feedback voltage in the base-layer spread-
ing resistance rb'. Another feedback voltage results from 
variation in the value of rb' caused by space-charge 
layer width changes.' The variation of rb' produces a 
small-signal variation in the voltage drop (Ibrb') in the 
base layer. A feedback voltage proportional to the 
average current flowing through the base electrode re-
sults. It can be represented by a feedback voltage gen-
erator µbcv,' in series with the base-layer resistance as 
shown in Fig. 9(a). Analytically, 

Orb'  orb' Ow 
µbe = 4 - -  = 

ay.'  Ow avz 
Since rbVw is strongly dependent on the variation of 
resistivity across the base layer front emitter to col-
lector and since this variation is not known, µb, has not 

(4) 

10  is  20 25 30 35  40  45  50 
le IN MILLIAMPERES 

Fig. 8—Voltage-feedback ratio in an n-p-n transistor. 

been calculated; rb' is a lumped representation of a dis-
tributed effect and its calculation is not included here. 
For an n-p-n unit it should be of the order of po/w, 
where pb and w are base-layer resistivity and thickness. 
Examination of the circuit of Fig. 9(a) will show that 

at low frequencies, the total open-circuit feedback voltage 

• An approximate form of (6.2), footnote reference 1. 
Existence of this effect was suggested by J. N. Shive. 

(a) 

is (µ664-µbci-erb')ve'. Qualitatively, µb, should be [for I 
ic! I. .1 less than ge'rb' and of opposite sign. The 
measured open-circuit feedback voltage ratio is plotted 
in Fig. 8 for the n-p-n transistor whose collector con-
ductance is given by Fig. 7. In Fig. 8, the term µb, is 
omitted. The rise of measured feedback ratio is at-
tributed to the term gc'rb' which increases almost linearly 
with collector current. Comparison of Figs. 7 and 8 
leads to a value for rb' of 330 ohms for the bias condition 
= 6.0 volts. This value of 4' is required to produce the 

calculated curve in Fig. 8 (dashed line) using g, values 
at = 6 from Fig. 7; µe, is given by the intercept of the 
extrapolated experimental curve for 17,=-- 6 in Fig. 8. 

It is approximately 10 -4 . The rise in µe, with decrease 
of collector potential is the result of the more rapid : 
variation in space-charge layer thickness at b iwcr t 
voltages. The sudden increase in feedback at very low 
emitter currents is attributed to leakage from collector 

to emitter across the base layer. 

(b) 

Fig. 9—AC equivalent circuit including collector 
capacitance and base resistance. 

In Fig. 9(b), the parameters re', µ„, a', and g,' of 
Fig. 9(a) have been converted to an equivalent tee by 
use of the relations shown in Fig. 10. Fig. 9(b) can be 

used together with theoretical expressions for the par-
ameters of a conventional transistor tee network3 to 
point out significant frequency variation of the effec-
tive base impedance. If the circuit of Fig. 9(a), omitting 

is reduced to a conventional four-element net-
work,' there results 

Pec(1 — a')  

gc1 

Pee 
Ct, = rb' 

.gZ  jwC,' 

1 — Pee 
2, —  7 

g,'  jwC,' 

a' — 
a =  

1 — 

Pee 

P ee 

Inspection of the expression for zb shows that at low fre-

quencies it is rb'±µ../g„ while at frequencies such that 
coC,'>>g,', it is rb'. This can be understood from inspection 
of Fig. 9(b), which shows the capacitance C,' grounded 
through rb' rather than through rb'-{-1.1„/g1=rb'±rb". In 
high-quality junction transistors rb" is ordinarily much 
greater than r6'. At V,=6.0 volts, I.= 1.0 ma for the 
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unit of Figs. 7 and 8, rb" =1800 ohms while rb' =330 
ohms. 
The more complete analysis in the appendix shows 

• deviations from the simple theory described above at 
emitter currents of the order of the saturation currents. 

rb" = µeere' = 
(1 — a') + (1 — 0) 

r," = r:(1 —  

re' 

re" = r: — (1 — = 

a ,/ = 
a — 

re'( 1 — 

(1 — a') + (1 — 13) 

1 — 

Fig. 10—Relations of equivalent-circuit parameters in Fig. 9. 

If i3 and 7 are less than 0.95, the more complete analysis 
is likewise preferable. 

CONCLUSIONS 

Introduction of the effects of the dependence of col-
lector-barrier thickness on collector voltage has led to 
explanation of output resistance (re') and feedback volt-
age (i.temc') in junction transistors. Agreement of meas-
urements and theory is excellent qualitatively and fair 
quantitatively. It was shown that the low-frequency 
conventional base resistance (rt,' -Frb" of Fig. 9(b)) does 
not properly characterize the high-frequency base re-

sistance of a junction transistor. 
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APPENDIX 

This appendix indicates one method by which expres-
sions for the collector conductance' ge and the voltage 
feedback factor pee of junction transistors may be de-
rived. The assumptions are, in general, those used by 
Shockley. Each of the three transistor regions indicated 
in Fig. 1 may be characterized by a resistivity and a dif-
fusion length or life-path for minority carriers. Injected 
carriers flow through the base layer principally by dif-
fusion. The additional assumption is made that base 
thickness w depends on collector potential 17c, through 

variation of the barrier thickness 
The currents and potentials used are those at the 

emitter and collector barriers.' Majority-carrier resist-
ance effects in the base layer are neglected and fre-
quency effects are not considered. It is assumed that 
collector reverse bias potential is many times kT/q 
(e.g., > 0.5 volts) so that the classical p-n diode reverse 
conductance may be neglected. At 0.5 volt, it is of the 
order of 10 -' micromhos or less. Its magnitude de-
creases one decade per 60 my. 

$ For simplicity, no primes are employed in the appendix. 

Collector Conductance 

Collector conductance is defined as 

(3/. 
(5) 

It may be shown that for an n-p-n junction transistor, 
emitter and collector currents are given by' 

I. = coth 
L„ 

— csch  Inc,(Ve)  Ipo(V.), 
L. 

= — csch (- TwDI,,o(17.) 

(6) 

coth  rno(vc) + 40( v.),  (7) 

in which the /0's have the form 

qD 
= —  1) . 

Equation (7) may be combined with (6) to yield 

/. = — 13-Yls  I-50(V.)[coth ( fa) 

frY csch ( s.)] + 1,0(V.),  (8) 

in which' 13 = sech (w/L.) and 

1 
= 

1 4- IP°(17e)  tanh w 
/„0(17,) 

The collector conductance may be found by substitu-
tion of (8) into (5) 

ale 
ge =  = 

V aw avc 
(9) 

In general, the second and third terms of (8) may be 
neglected since they are very much less than the first 
term. There then results, after some manipulation, 

I. = — [702  sinh  7203  40( V.] aw I (10) 
L.  L„  /no( V.) 0 V, 

which is a substantially complete expression for the col-
lector conductance. If and -y are assumed to be almost 
unity 

(I po(V e)  <<1( V.) and —  1), 

and the hole and electron components of emitter current 
are expressed in terms of conductivities and diffusion 
lengths, (10) simplifies to 

*Footnote reference I, (6.2) and (6.1) modified to this notation. 
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'r! 

1 

ab ]aw 
g, = I.[ —  —  — 

L.2 cr.l.„ ay, 

or to 

1.  aw 
= —w [2(1 - )3) + (1 - 7)1 — • 

ay, 

The term 0w/a17, may be written as 

Ow  Ow ax„, 
= 

ay, ax„, a v 

(12) 

(13) 

in which collector-barrier thickness x,,, is given for a 
junctionof uniform impurity-concentration gradient by'° 

3KeoVe 
=  (14) 

qa 

and for a step junction having high p-conductivity to 
one side and uniform but much lower n-conductivity on 
the other side by'° 

x.2 - 
2Ke017, 

(15) 
qn. 

The 8w/Ox,,, is -1/2 for the junction of uniform con-
centration gradient since the space-charge layer spreads 
equally in the two directions, and is -1 for the second 
case. 
The aw/a V, then has the value for the graded junc-

tion, 

Ow  x. 
-  = . 
017,  6V, 

and for the step junction 

Ow  -  =  
()V, 2V, 

Voltage feedback factor 

The feedback factor is defined by 

a V. 
Pee =  • 

a v. re 

(16) 

(17) 

It may be obtained from (6) by setting dI./dV, =0 and 
solving for a v„10 V. 

—dI.    = 0 = C a/„0(1/0) —  coth (211 ) 
dV, Ow  L„ 

a 
- no(vo —  csch —aw  

Ow L.  a v 

w )ar„.(17,0 ± ar pw o e) 
+ coth 

L„  a vc a v, 

w 
- csch  3!,,(v,)k ay, 

(18) 

1° Footnote reference I, (2.20) and (2.54) modified to this nota-
tion. Here only space-charge layer-widening effects are considered. 
As mentioned previously, classical reverse conductance is neglected. 
It is many orders of magnitude smaller than the term analyzed here. 

The terms containing 0/,,o(17,)/81,,, may be neglected 
since /„0( V.) is substantially independent of V. for col-
lector reverse bias voltage more than a few times kT/q. 
If the operations indicated in (18) are carried through, 

there is obtained 

0 = 
0 [  e-vv.ibr _ I 

L,,21  1w 
sinh2 (- - 

L„ 

Cosh ( — 
\L,, Ow 

01/, 
sinh2 

L,, 

w ) qD e—gV •ikr  j ai/. 

kT 
—  - - [COtil  ( - - 

L.  L.  7  ay, 

which yields 

aV. - kT 
=   

ay.  qL 

fry 

sinh ( -2v \ e (W  
L.I 

Ow 

) 
e—qV,IkT 1 ±  cosh( --

L„ 

e-- 0.1kT 

If 3 and 7 are close to unity, this becomes 

kT Ow 

(19) 

(2(J) 

Pee =   • (21) 
av, qw a v 

The 492 017, was discussed in the section on collector 
conductance. 

LIST OF SYMBOLS 

a--impurity concentration gradient in atoms/cm' 
D—diffusion constant for minority carriers 

g,= arciav,1 4—collector conductance 
G,,6—dc emitter conductances for electrons and 

holes 
/,—dc emitter and collector currents 

ie, ic—small-signal emitter and collector currents 
k—Planck's constant 

/„0, 4o—electron and hole saturation currents of junc-
tions considered as isolated diodes 

L.—diffusion length for electrons in base layer 
4 —diffusion length for holes in emitter body 
n„—electron density in n-semtconductor 
q—electronic charge 1.6 X10-'9 coulombs 

re, r,, rb—small-signal equivalent collector, emitter and 
base resistances 

R.—dc emitter resistance 
T—temperature in degrees l< 

V., I7,—dc emitter and collector voltages 
y,, ye—small-signal emitter and collector voltages 
w—base-layer thickness 
x.— collector-barrier thickness 
a--current-gain factor 
13—transport factor 
7—emitter efficiency 
co—permittivity of space 
K— relative dielectric constant 

ab, a„—base and emitter conductivities 
.i.—voltage feedback factor 

fe• 
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New Photoelectric Devices Utilizing Carrier Injection* 
KURT LEHOVECt 

Summary—The detection of injected carriers by their absorption 
and by emission due to their recombination with majority carriers is 
discussed. Two new components are proposed: (1) the "photo-
modulator," which permits modulation of a light beam by the change 
in absorption due to injected carriers (the photomodulator in connec-
tion with a phototransistor, or some other type of photocell, may be 
useful as an amplifier); and (2) the "graded seal junction," which 
permits the light to be transmitted to and from a p-n-junction without 
substantial absorption in the bulk semiconductor. 

I. INTRODUCTION 

/
N ALKALI HALIDE CRYSTALS optical investi-
gation of the injection of electrons is possible since 
visible coloration results from trapping injected 

electrons in halogen vacancies (F-centers). The migra-
tion of coloration into the crystal accompanies the 
initial phase of the injection process.2.2.3 
The question arises whether injected carriers in 

germanium and silicon could be observed optically. The 
word "optically" refers to absorption or emission. 

II. ABSORPTION OF INJECTED CARRIERS 

The "Photomodulatorn 

There are in principle three types of absorption which 
may arise from the injected carriers: (1) the absorption 
of the injected carriers proper; (2) the absorption aris-
ing from trapping of the injected carriers (comparable 
to F-centers in alkali halides); (3) the increase in ab-
sorption due to the increase in concentration of ma-
jority carriers, resulting from neutralization of the 
space charge of the injected carriers. 
W'e shall be concerned in what follows with the use of 

absorption due to injected carriers [case (1) or (3)] for a 
photoelectric device. The absorption of free carriers is 
responsible for the absorption in the region on the long 
wave side of the lattice absorption edge. Briggs' has 
correlated the absorption coefficient of silicon in this 
region with the concentration of carriers. From Briggs' 
data one obtains the following relation between hole con-
centration and absorption coefficient at 2 microns: 
nk--8.9X10'5F (n in cm-3 , r in cm-'). One should ex-
pect therefore that the absorption in the wavelength 
region on the long wave side of the absorption edge can 

Decimal classification: R282.12 X535.38. Original manuscript 
received by the Institute, June 30, 1952. 
t Formerly, Signal Corps Engineering Laboratory, Fort Mon-

mouth, N. J. Now at Sprague Electric Co., North Adams, Mass. 
' 0. Stasiw, "Zur elektrischen Wanderungsgeschwindigkeit der 

Farbzentren in Alkalihalogenidkristallen," Gigt. Nachr., Heft 4, p. 
387; 1933. 

2 R. W. Pohl, "Electron conductivity and photochemical processes 
in alkali halide crystals," Proc. Phys. Soc. (London), vol. 49, p. 3; 
1937. 

3 R. Hilsch and R. W. Pohl, "Steuerung von Elektronenstriimen 
mit einem Dreielektrodenkristall und ein Modell einer Sperrschicht," 
Z. Phys., vol. III, p. 399; 1938. 
' H. B. Briggs, "Infra-red absorption in silicon," Phys. Rev., vol. 

77, p. 727; 1950. 

be modulated by carrier injection. This effect could be 
used for an electronic means to modulate a light beam 
("photomodulator"). 
This device works as follows: A light beam of wave-

length longer than that of the absorption edge of the 
semiconductor is passed through the region in which 
carriers are injected (left part of Fig. 1). The intensity 
of the light beam emerging from the semiconductor is 
modulated by the modulated absorption of the semi-
conductor due to the injected carriers. A quantitative 
estimate of the order of magnitude of the effect is given 
in the appendix. 

PHOTOMODULATOR 

LIGHT BE AM 
uNHODULATED 

- I 5 MICRONS) 

PHOTOTRANSISTOR 

p-n BARRIERS 

LIGHT BEAM 
(MODULATED) 

INPUT SIGNAL 

LOAD 

OUTPUT SIGNAL 

Fig. 1—Principle of a "photoamplifier," consisting of a 
"photomodulator" and a phototransistor. 

The modulated light beam can be transformed back 
into an electric signal using, for example, a photo-
transistor (right part of Fig. 1). The material of the 
phototransistor must absorb the light in order to con-
vert it into free carriers; on the other hand, the ma-
terial of the photomodulator must transmit (most of) 
the light. Thus the phototransistor must be made from 
a material differing from that of the photomodulator 
(e.g., Si and Ge; see Fig. 1). 
Amplification may be achieved with the combination 

of a photomodulator and a phototransistor for two 
reasons: (1) The intensity of the light beam to be modu-
lated may be chosen in principle to be very high (inde-
pendent of the input signal); it seems therefore possible 
that after transforming the light quanta into current, 
current-amplification may be achieved. The calcula-
tions of the appendix indicate that rather high light in-
tensities, of the order of 20 watts/cm2, will have to be 
used in order to obtain current amplification. In prac-
tice the intensity of the light beam will be restricted in 
order to avoid heating effects of the semiconductor. (2) 
The ratio of the impedances of carrier injector (p-n-
junction biased in the forward direction) and photo-
transistor (p-n-junction biased in the blocking direc-
tion) is very low. Thus a low impedance signal can be 
transformed into a high impedance signal. 
By passing the same light beam through several 

photomodulators in series, mixing of several signals can 

1 
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be achieved. Frequency response of the photomodulator 
is the same as that of carrier injection over a p-n-junc-
tion. 

III. LIGHT EMISSION DUE TO RECOMBINATION 
OF INJECTED CARRIERS 

Graded Seal Junctions 

Recently,' a new type of semiconductor light source 
was described. The light source consists of a combina-
tion of a p-n-barrier and a phosphor. The excitation 
process consists of injection of carriers over the p-n-
barrier by passing a current in the forward direction. 
The light emission results from the recombination of 
these carriers. We have studied the effect on silicon 
carbide. The effect was recently observed also on ger-
manium and silicon.' In the case of germanium and 
silicon the emitted light has wavelengths close to the 
absorption edge. Therefore, part of the emitted light is 
absorbed in the bulk material adjacent to the junction 
over which injection took place. In what follows, a 
junction is described which eliminates the loss of light 
in the bulk semiconductor. 

In semiconductor devices p-n-junctions have found 
many useful applications as rectifiers, elements in 
transistors, and photocells, and will be used probably 
as light emitters. The junctions used so far consisted 
of two adjacent regions of the same material, containing 
acceptors- and donor-type impurities, respectively. It 
is desirable (if not necessary) that the two regions men-
tioned above be part of a single crystal in order to 
avoid undesirable effects of grain boundaries (surface 
states). 

In what follows, a new type of p-n-junctions will be dis-
cussed. The p- and n-regions differ not only in the type 
of conduction but also in the crystal structure. A combi-
nation of materials which form solid solutions, for exam-
ple, germanium and silicon,' or selenium and tellurium, 
is of particular interest. In the case of the existence of 
mixed crystals in any compositions, a transition from 
material A to material B within a single crystal can be 
achieved. 

In the following we shall mention briefly three of the 
advantages which the "graded-seal junctions" have as 
compared to ordinary p-n-junctions: (1) Graded seal 
junctions can be prepared conveniently by fusing ma-
terial A to material B at temperatures above the melt-
ing point of A but below the melting point of B, and 
subsequent slow cooling (e.g., using a seed of B in the 

K. Lehovec, C. A. Accardo and E. Jamgochian, "Injected light 
emission of silicon carbide crystals," Phys. Rev., vol. 83, p. 603; 
1951; "Light emission produced by current injected into a green 
silicon carbide crystal," Phys. Rev., in print. 

J. R. Haynes and H. B. Briggs, "Radiation produced in german-
ium and silicon by electron-hole recombination," Bull. Am. Phys. 
Soc., vol. 27, p. 14; 1952. 

7 H. Stiihr and W. Klemm, "Uber Zweistoffsysteme mit Ger-
manium. I. Germanium/Aluminium, Germanium/Zinn, und Ger-
manium/Silicium," Z. Anorg. allg. Chem., vol. 4, p. 305; 1939. 

melt of A)." (2) It is known that the spectral region of 
the strongest barrier photoeffect coincides with the 
long wavelength absorption edge of a semiconductor.-
Since the position of the absorption edge of materials 
A and B differs, one material (say B) will be transparent 
in a spectral region (photon energy hi,), where material 
A has its maximum photosensitivity. Thus a graded 
seal junction can be used to construct a large area 
junction-type photocell with a negligible loss of light 
by absorption outside of the junction. (See Fig. 2; the 
proportions of the energy level diagram correspond to 
a p-silicon versus n-germanium junction.) (3) Current 
passing a p-n-junct ion in the forward direction may lead 
to light emission. In a graded seal junction of the type 
shown in Fig. 2, light emitted from material A will not 
be absorbed when passing through material B. 

Energy Level Diagram 

Empty Bond 

/  /// //' ////// 

-- Fermi level-

v  _. ///////////// 
  /// Valence Bond 

//////////// 

Graded 
n- type   s  sea/ 
A  junction 

A/5 

Construct/on 

Direct/on of Light 

Front Electrode — 

Graded Seo/ 
n-p-lunclion 

Bock Electrode — 

Fig. 2—Enert; level diagram (1) and construct on (2) of a graded 
seal junct ion for use as (a) photocell and (b) as a light source. 

IV. NOTE ON "ELECTROLUMINESCENCE" 

Light emission from phosphor powders, for example, 
ZnS or ZnO, at the application of an ac field has been 
known for some time under the name "electrolumi-
nescence." This effect increases with the field intensity 
and the frequency of the applied field. 

8 Another method suitable for preparation of a graded junction 
consists in the deposition of material A from the vapor phase on a 
heated substrate of material B. 

9 G. Destriati, "Researches on electrophotoluminescence," Trans. 
Faraday Soc., vol. 35, p. 227; 1939; "The new phenomenon of electro-
luminescence and its possibilities for the investigation of crystal lat-
tice," Phil. Mag., vol. 38, pp. 700, 774, 880; 1947; and others. 
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We propose the following explanation for the electro-
luminescence: Near the boundaries of the crystallites 
there is a region of distortion, causing an extremely 
short life time of minority carriers. Accordingly, also 
the rate of thermal creation of minority carriers is very 
high in this region. An applied held is able to sweep the 
minority carders into the bulk of the semiconductor, 
wher e they recombine under ugh t emission. Thus we 
consider the "electroluminescenee" as arising from in-
jection of minority carriers from a region of high rate 
of thermal creation and of lo\\ relative probability of 
opt ical recombinat ion in 1 o a region of low rate of 
thermal creation and of hieh relative probability of 
optical rectmibili,itiun. 

V..\m•Fxmx 

, .4. Theory of Ihe l'hotomodulalor 

The current in the forward dire, tiun over a /4-fl-junc-
tion is due to injection ol minut it\ carriers (eurieen tra _ 
don n(x)). The minorit V carriers migrate into the bulk 
semiconductor by 01 diffu ,ion and lb) under the influ-
ence of an electric held. "'Ali ,: hO.  lion is terminated by 
recombination with maiorit\ U.11  11 

For a quantitative estimate u: n  \\ e shall as sume 
that diffusion current exceeds largely the field current 
of injected carriers. The ondition of continuity then 

takes the simple form. 

(1) 

(I)= PH' 'e diffusion constant of injected carriers, 
k -lioltnnan constant, T = absolute tem-

perature, e =elementary charge, r =life time of injected 

carriers.) 
Integration gives 

.v 
n = ex!) - 

where no is the concentration of minority carriers im-
mediately adjacent to the junction. The concentration 
no can be expressed by the current I, using the equa-

tion 

lii /D-
I = - 1111 .1)e = 1111"nuel/ —. (3) 

(Ix r.-0 

(II= height of the rectangular junction and 11 = width.) 

Hence, 

I  r 
Ii,, = 

//We I I) 
(4) 

According to (2), no decays by a factor 1/e =1 2.72 at 

the distance 

(5) 

With r =100 µsec and D=50 cm2/sec, which appear to 
be values of reasonable order of magnitude for ger-

manium and silicon of proper preparation, we obtain 

L =0.07 cm. 
Assume a light beam of intensity per unit area J (ex-

pressed in quanta per cm' per second) and of rectangu-
lar across section (height H, width X) incident on the 
semiconductor parallel to the junction and to the side 
of width 11. (Fig. 1). The fraction R of the light beam 
is reflected and the intensity 

Q = JX1I(1 - R) exp (- WI') (6) 

emerges from the semiconductor; r can be modulated 
by the carrier injection. 
The change of light intensity with current is linear 

for sufficiently small values of current. Then we may set 

and 

= 

Q = Qo + AQ; 

(7) 

(8) 

zin(l we obtain 

.fxrio - R) exp (- wro War. (9) 

Maximum value (AQ)u is obtained by choosing the 
width of the bar 

(10) = 

Tx/At - 
2•72 

Since AF is proportional to An0,2 we have 

(12) 

where p is it constant -- 101°cm-2 for silicon (see text). 
Replace no in (12) by using (4) and insert the value of tir 

so obtained into (10) to obtain 

T X(1 R) Ail e  1/ L 

2.72 p 'V D . 
(13) 

Since only light passing within a distance --L from the 
junction will be modulated, one shall choose X L. Then 
from (13) and (5), the efficiency of light modulation 
may be calculated 

(AO m = T(1 - /Or 
(14) 

',. 2.72- p 

The numerical factor 1 -R/2.72 is of the order of 0.3. 
For r 10-4 sec, and p --10"cm-2 , efficiencies larger 
than unity may be obtained for light intensities larger 
than 3 X102° quanta/cm2sec (for light of near infrared 
about 20 watts/cm2). 
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Properties of the M-1740 P-N Junction photocell* 
JOHN N. SHIVEt 

Summary—The p-n junction photocell has a sensitivity of 30 ma 
per lumen for light of 2,400 degrees K color temperature, correspond-

ing to a quantum yield approximately unity in the spectral range from 
visible to the long wave cutoff at 1.8 microns. Dark currents of e few 
microamperes are observed at room temperature, with a temperature 

coefficient of about +10 per cent per degree C. Both dark and light 
currents exhibit saturation in the range from 1 to 90 volts applied. 
The frequency response is flat into the 100-kc region. Short-circuit 
noise currents are observed around 20 miaa in a 1-cps band at 1,000 

cps. The photocell element is encapsulated in a plastic housing 
X  X ,,' inch in dimensions. 

1. INTRODUCTION 

HE PHOTOCONDUCTIVE and photovoltaic 
properties of rectifying barriers between semi-
conductors and metals are well known and have 

been studied by many investigators. Only recently, how-
ever, has there been much study of the photoelectric 
properties of rectifying p-n junctions in semiconductors. 
In 1941 Ohl' described the photovoltaic behavior of a 
p-n junction in a silicon ingot. In 1947 Benzer2 ob-
served a photoconductive effect resulting from the il-
lumination of a natural p-n junction in series with a 
rectifying point contact. He called this arrangement a 
"photodiode." In 1951 Goucher, Pearson, Sparks, Teal, 
and Shockley' published the results of some observa-
tions of the collection of photoelectrically liberated 
charges at p-n junctions in grown crystals of germani-
um. Shortly thereafter, Pietenpol4 described a practical 
p-n junction photocell element. With this background 
the NI-1740 photocell has evolved as a small, sensitive, 
rugged photoelectric device. It is the purpose of this 
paper to describe this photocell and to give as compre-
hensive a discussion as present knowledge permits of 
its electrical and optical characteristics, temperature 
behavior, noise, and reliability. 

2. DESCRIPTION OF THE CELL 

The photoelectric element consists of a bar of single-
crystal germanium, approximately 0.030 by 0.030 by 
0.125 inch in dimensions, having a p-n conductivity 
type transition midway between its two ends. Terminal 
leads are attached to the ends of the bar, and the ele-
ment is encapsulated in a small rectangular block of 
plastic {XiiirXj32. inch in dimensions. Light is in-

cident upon the elementfaces ooff  the block, while  through one of the  the leads come out the opposite 

* Decimal classification: R282.12X 535.38. Original manuscript 
received by the Institute, August 18, 1952. 

t Bell Telephone Laboratories, Murray Hill, N. J. 
1 R. S. Ohl, U. S. Patent No. 2,402,662. 
2 S. Benzer, "Excess-defect germanium contacts," Phys. Rer., 

vol. 72, p. 1267; December, 1947. 
3 F. S. Goucher, G. L. Pearson, M. Sparks, G. K. Teal, W. Shockley; 

"Theory and experiment fora germanium p-ti junction," Phys. Rev., 
vol. 81, p. 637; April, 1951. 
• W. J. Pietenpol, "p-n junction rectifier and photocell," Phys. 

Rev., vol. 82, p. 120; January, 1951. 

face. Lateral surfaces of the block are painted black, 
and the lead wire which is to be made positive in the 
biasing circuit is indicated by a red dot on the side of 
the block. Fig. 1 shows a sectional drawing of the photo-
element and its encipsulation, while Fig. 2 shows a 
photograph of sevcr.d completed M-1740 photocells. 

P-N JUNCTION 

ELE MENT 

LIGHT 

PLASTIC 

BLOCK 

LEAD 

WIRES 

Fig. 1--Li_ft, front \ i,.‘v drawing of photocell; right, side section 
drawing of element and capsule. 

- 

Fig. 2-- Photograph of M-1740 photocells. 

In normal use the cell is placed in a circuit in series 
with a dc biasing voltage source and a load across 
which the output signal is to be developed. The direc-
tion of the bias is such that the p-n barrier is operated 
in the blocking direction (p-type -end negative). Under 
these conditions a small reverse leakage current flows 
even with the cell in the dark. When the cell is il-
luminated, the reverse current increases. 

3. SPATIAL DISTRIBUTION OF SENSITIVITY 

The response of a p-n junction element to light de-
pends on how well the light is focused upon the p-n 
junction region. To be effective the light must fall 
within a few tenths millimeter of the junction line. 
Fig. 3 shows the response of a typical M-1740 photocell 
as a function of the position of a small light spot when 
the latter is traversed across the germanium along a line 
perpendicular to the junction. The width of this re-
sponse curve at half maximum is about  mm. 
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The shape of this curve is capable of simple physical 
explanation. The photocurrent is produced by the col-
lection at the p-n junction of minority carriers (elec-
trons in the p-type region and positive holes in the n-
type region) liberated by the photoelectric process at 
and near the junction. Except in the junction layer 
itself there is negligible electric field, and most of the 
carriers reach the junction by diffusion. The farther 
away from the junction they are liberated the farther 
they must diffuse to be collected and the greater is the 
probability that they will disappear by recombination 
on the way. This accounts for the decay of sensitivity 
on both sides of the maximum, which is coincident with 
the junction. 
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Fig. 3—Sensitivity profile of exposed face of 
p-n junction element. 

The curve of Fig. 3 exhibits a noticeable asymmetry. 
This is due in part to the fact that electrons and holes 
have different diffusion mobilities and in part to the 
difference in the lifetimes of electrons in the p-type ma-• 
terial and holes in the n-type material. Goucher" has 
described an ingenious method for determining these 
lifetime values for any particular junction specimen by 
measuring the decrement of the response curve on the 
two sides of the maximum. Analysis of the curve of 
Fig. 3 gives a lifetime of 30 µsec for holes on the n-type 
side of the junction and 17 µsec for electrons on the p-
type side of the photoelement depicted. 
There is considerable expectation of increasing the 

responsive area of p-n junction photocells in the direc-
tion normal to the junction line. From the p-n junction 
theory6 the breadth of the response curve is propor-
tional to the square roots of the minority carrier life-
times. Considerable progress has been made in the 
direction of increasing these lifetimes, and junction 
specimens have been produced' in which the lifetimes 
are an order of magnitude greater than those indicated 
above. 

6 F. S. Goucher, "Measurement of hole diffusion in n-type ger-
manium," Phys. Rev., vol. 81, p. 475; March, 1951. 

6 W. Shockley, "Electrons and Holes in Semiconductors," chap. 
12, D. Van Nostrand Co., Inc., New York, N. Y.; 1950. 

7 W. Shockley, M. Sparks, and G. K. Teal, "P-n junction tran-
sistors," Phys. Rev., vol. 83, p. 151; January, 1951. 

F. S. Goucher, "Photon yield of electron-hole pairs in ger-
maniu m," Phys. Rev., vol. 78, p. 816; June, 1950. 

4. ELECTRICAL CHARACTERISTICS 

The performance of the M-1740 photocell is de-
scribed by the family of current-voltage characteristics 
given in Fig. 4. These characteristics are the result of 
averaging individual data for ten typical cells. They 
give the performance for the dark condition and for 
several different values of incident light flux. In the ex-
periment from which these data were obtained the light 
was focused into a small spot about I mm in diameter, 
centered on the p-n junction, as determined by manipu-
lating the position of the cell with respect to the light 
spot so as to maximize the output. The light source was 
a tungsten filament operated at about 2,400 degrees K 

color temperature. 
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Fig. 4—Current-voltage characteristics, 
average for ten M-1740 photocells. 

In order for a photocell to be acceptable as an 
M-1740 unit its dark current at 90 volts must not ex-
ceed 20 µa. Most M-1740 photocells now being made 
have dark currents in the range from 1 to 5 µa at room 
temperature. These reverse leakage currents across the 
junction result from the constant thermal generation 
of new minority charges in the germanium within a 
few diffusion lengths of the junction and from their 
diffusion into and collection by the junction. 
From a knowledge of the photon equivalent of the 

lumen, the shape of the spectral energy distribution of 
the source lamp, and the long wavelength photoelectric 
threshold of germanium it can be shown that the photo-
currents given in Fig. 4 correspond to quantum ef-
ficiencies of about 1 hole-electron pair liberated per 
quantum absorbed by the photoelement at the junction. 
This agrees with Goucher's findings8 that light absorp-
tion in the wavelength range from 1 to 2 microns in 
germanium results in electron-hole pair production with 
a quantum yield of approximately unity. There is thus 
no hope that the current response of a single p-n junc-
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tion photocell can be increased by making the photo-  titanium element or measured by biasing the junction 
electric activation process more efficient. Since these  in the forward direction and determining the asymp-
cells have no such mechanisms as those exhibited by  totic resistance approached with increasing voltage in 
point-contact phototransistorsv or by multiple-junction  this direction. 
devices' for multiplying the primary photocurrent, From a practical point of view, however, there is 
present sensitivities can be but little further improved.  only occasional need for knowing r, and rb. The former 

is numerically much greater than any load which one 
is likely to use with this device, while rb is much smaller 

A noteworthy feature of the characteristics of Fig. 4 than MIN' Stich load. Hence one may set up an approxi-
is that they exhibit a current saturation in the range  mate equivalent ircuit in which r, is considered infinite 

from 1 to 100 volts. This is a consequence of the fact  and rb is ciiiisidcrol zero. One is then left with the ac 
that the diffusion of photocurrent carriers from the  current generator kl operating directly into the output 
point of their generation to the junction occurs in es-  load. If this load is anywhere in the range from two 
sentially field-free space regardless of the voltage drop  thousand to five hundred thousand ohms, the ap-
across the terminals of the bar, nearly the whole of  proximation is valid to within 5 per cent. Tlw meas-
which appears as a drop across the junction. The slopes  urement problem then becomes merely that of deter-
of the curves of Fig. 4 in this saturation region cor-  mining k for the photocell. (For the approximate equiv-
respond to ac impedances of the order of 10 megohms. alent circuit the distinction between k and K disap-
These characteristics are describable in terms of an  pears.) This is done simply by measuring the dc cur-

equivalent circuit (Fig. 5, left) consisting of a junction  rent into a short-circuiting load, first with the unit in 
resistance r , in series with a germanium body resistance the dark and ;hen with a known light flux incident upon 
rb, with a current generator shunting the r , component.  the junction, the differem e being equal to kl. In current 
The current delivered by this generator is given by kl, practice this is done in a circuit with a 90-volt bias and 

a flux of 6.25 millilumens of 2,400 degrees K color .41 
temperature light focused into a spot of 1-ntm di-
ameter centered on the junction line. Values for k in 
the range from 0.03 to 0.04 ma per millilumen are ob-
tained. 
When the photocell is to be used with step-function 

light inputs or ac light signals having frequencies of the 
order of 100 kc or higher, the effect of the barrier ca-
pacitance must be taken into account. This capacitance 
is represented in the high-frequency equivalent circuit 

where k is a constant of proportionality an d 1 is the  of Fig. 5 (right) as a capacitance in shunt with r„. This 
circuit can be solved for the load current by simple effective light flux on the photocell. The flux is usua lly 
analysis. If, as before, one introduces the practical as-given in millilumens at some specified color temperature, 

,andwhile   k is generally expressed as ma per millilumen. The  sutnptions that R. is ver y muc h sma ller  than  7.  
very much larger than r,,, then the load current reduces  short-circuit output current is then given by 
to i-,41/(14-jR LCco). This expression is equal to kl at 

low frequency, remains substantially flat with in-
creasing frequency until the second teem in parenthesis 
becomes comparable with unity, then decreases with 

where K is a new constant of proportionality easily ac-  further increase in frequency according to the 1/f relit-
cessible to external measurement." Since r, is usually  tionship, in quadrature with the light input. 

several megohms and rb is about a hundred ohms, k and  Barrier layer capacitances of NI-1740 photocells have 
K are nearly equal numerically, and can be so regarded  not yet been measured directly. Calculations based on 

for all practical purposes. the  p-n junction theory" give capacitances of a few micro-
Any p-n junction photocell is specified when re, rb microfarads for such junctions back-biased at 50 volts. 

and k (or K) have been determined. The barrier resist-  For a load resistance of 100,000 ohms the term RLCco 
ance r, is too high to measure conveniently by dynamic  becomes comparable with unity at frequencies of the 
means. It is best determined from the slopes of the  order of a megacycle 

static characteristics. Numerical values of rb can be corn-  The simple barrier capacitance effects are usually 
puted from the resistivities and geometry of the ger-  dominated in practice by the effects of diffusion transit 

• j. N. Shive, "A new germanium photoresistance cell," Phys. time of the carriers Electrons or holes liberated some 
Rev., vol. 76, p. 575; April, 1949; also "The Phototransistor," Bell 
Labs. Rec., vol. 28, p. 289; June, 1950.  distance away from the junction may require m icro -

3° This equivalent-circuit terminology was  chosen  to correspon d seconds or tens of microseconds to diffuse into the bar-
with that used in describing transistors. In the latter case the ex-  rier and be collected This process superposes an addi-
ternally measured current gain is denoted by a =idi, for ac short-
circuited collector, while the internal equivalent-circuit generator is 
denoted by aii. The constants a and a are then related through the 
expression a =a(rb-l-rdr)• 
In most cases a and a are only slightly different numerically. 

d41 

5. AC EQUIVALENT CIRCUIT 

RL 

Fig. 5—Left, low-frequency ac equivalent circuit; right, 
high-frequency equivalent circuit. 

r, 
= kl   — id, 

re -I- rb 

n W. Shockley, "The t ho try of p-n junctions in semiconductors 
and pn junction transistors," Bell .Sys. Ted:. Jour., vol. 23, p. 435; 
May, 1949. 
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tional lag upon that attributable to barrier capacitance 
Transit time effects have been studied quantitatively 
by Anderson (unpublished), who measured the delay 
in response to short, steep light pulses incident upon a 
photocell at various distances away from the junction. 
His results show that as the illuminated spot is moved 
farther away from the junction the current collection 
pulses are more delayed, more attenuated, and more 
spread out. These experiments lacked resolution-in-
time below about 2 µsec because of the shape of the 
light flashes and other experimental limitations. How-
ever, they do indicate that by masking down the photo-
cell window so that light can fall no farther away from 
the junction than about 0.010 inch, the delay in re-
sponse can be reduced to at least this value. 

6. TEMPERATURE DEPENDENCE OF THE 
CHARACTERISTICS 

The dark current of a germanium p-n junction photo-
cell increases by a factor of approximately 10 in going 
from a temperature of 20 degrees C to a temperature 
of 55 degrees C. This appears true regardless of what 
.the room temperature dark current of the cell may be. 
Table I gives measurements of dark and light currents 
for a number of cells at these two temperatures. These 
tests were made at 24 volts dc with a flux of 6.25 milli-
lumens for the light condition. 

TABLE I 

Unit No. 

Dark current, pa  Light current, pa 

20°C  55°C 

2 
3 
4 
5 
6 

3.7  35 
8.6  91 
1.8  19 
3.1  26 
12.4  108 
4.7  52 

20°C 55°C 

190 
160 
180 
206 
196 
164 

270 
240 
252 
292 
268 
242 

Examination of these data shows that the increase in 
light current caused by temperature increase is larger 
than the dark-current increase for the same cell. Thus 
the sensitivity increases with increasing temperature. 
This is accounted for by temperature variations of mo-
bility, diffusion constant, minority carrier lifetime. 

7. NOISE IN P-N JUNCTION PHOTOCELLS 
Measurements of noise in p-n junction photocells 

have been made by Montgomery. The quantity deter-
mined was the ac short-circuit noise current in a 1-cps 
band at 1,000 cps. Values for a typical photocell are 
given in Table II for different light-flux conditions and 
two different dc bias-voltage conditions. 

TABLE II 

1 Dark  Light More light 
DC supply   
voltage I dc pa noise ppa  dc pa noise ppa dc pa noise ppa 

45  6.7  30  154  25 620  50 
90  7.6  45 144 55 600  60 

An observation of unusual interest is that, for a given 

Ibias  voltage,  while  the  dc  current  may  increase  by  a 

factor of nearly 100 from the dark to the highest light 

condition, the noise current changes by an amount 
hardly distinguishable from the uncertainties of meas-
urement. Junction photocells have been examined for 
the appearance of their noise on an oscilloscope, and 
no irregularities have been observed over periods which, 
added together, aggregate several hours. The noise is 
well behaved in the sense that it does not exhibit bursts 
or spikes of amplitude greater than what is expected on 
the basis of smooth distribution. 
It is interesting to compare quantitatively the noise 

power available from a p-n junction photocell with that 
from a point-contact phototransistor. Calculation from 
Table II for the p-n photocell gives around 2 X10—" 
watt per cycle at 1,000 cycles. For a point-contact pho-
tocell the corresponding figure is around 10—" watt per 
cycle, giving a 17-db advantage for the junction device. 

8. RELIABILITY 

Comprehensive life tests for observing the reliability 
of junction photocells over large periods of time under 
conditions of environmental abuse have been initiated 
but not yet completed. Prolonged exposure of the M-
1740 photocell to a high-humidity environment results 
in an upward drift of dark current. The rate of increase 
is greater the higher the temperature. If the increase 
is not carried too far, the effect is reversible and the 
initial characteristics are restored when the unit is 
dried out. Present experience indicates that operation 
should be avoided above 60 degrees C and that ship-
ping and storage exposure to temperatures of 70 degrees 
C or higher for more than a few days may result in a 
permanent upward shift in dark current. 
An operational life test under conditions of ordinary 

room temperature and humidity was set up by Pieten-
pol more than two years ago. Except for the failure of 
one cell out of the set of 9, for assignable reasons of 
faulty encapsulation, the units have substantially the 
same characteristics as initially. Other tests under the 
same environmental conditions, but under different 
electrical and optical conditions, have been in operation 
for shorter times, with same favorable results to date. 
Because the device is small, its heat dissipation is 

limited. In applications where large supply voltages are 
used and photocurrents of a milliampere or more are 
expected, the load resistance should be chosen large 
enough to keep the dissipation in the photocell itself 
below 50-mw continuous. Instantaneous dissipations 
such as those encountered in switching transitions may 
exceed one watt for a few milliseconds. 

9. CONCLUSIONS 

The characteristics of the M-1740 p-n junction photo-
cell have been described. Its small size and weight, its 
low dark current, rapid response, and mechanical rug-
gedness recommend it for applications where these 
qualities are particularly desired in a semiconductor 
photocell. It is further characterized by low noise and 
high sensitivity. In its present form it is unsuited for 
use in extremes of temperature or humidity, but under 
ordinary conditions its operation is reliable. 

II 



1412  PROCEEDINGS OF TIIE I.R.E. November 

don photocell can be increased by making the photo-
electric activation process more efficient. Since these 
cells have no such mechanisms as those exhibited by 
point-contact phototransistors° or by multiple-junction 
devices' for multiplying the primary photocurrent, 
present sensitivities can be but little further improved. 

5. AC EQUIVALENT CIRCUIT 

A noteworthy feature of the characteristics of Fig. 4 
is that they exhibit a current saturation in the range 
from 1 to 100 volts. This is a consequence of the fact 
that the diffusion of photocurrent carriers from the 
point of their generation to the junction occurs in es-
sentially field-free space regardless of the voltage drop 
across the terminals of the bar, nearly the whole of 
which appears as a drop across the junction. The slopes 
of the curves of Fig. 4 in this saturation region cor-
respond to ac impedances of the order of 10 megohms. 
These characteristics are describable in terms of an 

equivalent circuit (Fig. 5, left) consisting of a junction 
resistance 7., in series with a germanium body resistance 
rb, with a current generator shunting the rc component. 
The current delivered by this generator is given by kl, 

3.1 

Fig. 5—Left, low-frequency ac equivalent circuit; right, 
high-frequency equivalent circuit. 

where k is a constant of proportionality and / is the 
effective light flux on the photocell. The flux is usually 
given in millilumens at some specified color temperature, 
while k is generally expressed as ma per millilumen. The 
short-circuit output current is then given by 

rc 
= kl   = 

r,  rb 

where K is a new constant of proportionality easily ac-
cessible to external measurement.'° Since P., is usually 
several megohms and rb is about a hundred ohms, k and 
K are nearly equal numerically, and can be so regarded 
for all practical purposes. 
Any p-n junction photocell is specified when rc, rto 

and k (or K) have been determined. The barrier resist-
ance 7., is too high to measure conveniently by dynamic 
means. It is best determined from the slopes of the 
static characteristics. Numerical values of rb can be com-
puted from the resistivities and geometry of the ger-

°.1. N. Shive, "A new germanium photoresistance cell," Phys. 
Rev., vol. 76, p. 575; April, 1949; also "The Phototransistor," Bell 
Labs. Rec., vol. 28, p. 289; June, 1950. 
'0 This equivalent-circuit terminology was chosen to correspond 

with that used in describing transistors. In the latter case the ex-
ternally measured current gain is denoted by a =i,/i, for ac short-
circuited collector, while the internal equivalent-circuit generator is 
denoted by aid. The constants a and a are then related through the 
expression a =a(ro+ reirc)• 
In most cases a and a are only slightly different numerically. 

titanium element or measured by biasing the junction 
in the forward direction and determining the asymp-
totic resistance approached with incteasing voltage in 

this direction. 
From a practical point of view, however, there is 

, only occasional need for knowing r and rb. The former 
is numericallv much greater than any load which one 
is likely to use with this device, while rb is much smaller 
than any such load. Hence one Indy set upt.tt,tda l:!ii  triirtixt:.i 
mate equivalent circuit in xt hich r, consi,hr 
and rb is runsidtivd zero. hit ttith the at: 
current generator kl directly into the output 
load. If this load is anywhere in the range from two 
thousand to five humlred thous.t in I ohms, the ap-
proximation is valid to within 5 per cent. The Incas-' 
urement problem then becomes merely that of deter-
mining k for the photi)rell. (For the approximate equiv-
alent circuit the ditinction lo•tween k and K (lisap-
pears.) This is done simply by measuring the dc cur-
rent into a short-circuiting load, first with the unit in 
the dark and then with a known light flux incident upon 
the junction, the difference being equal to kl. In current 
practice this is done in it circuit with a 90-volt bias and - 
a flux of 6.25 millilumens of 2,400 degrees K color 
temperature light focused into a spot of .,-1111n di-
ameter centered on the junction line. Values tor k in 
the range front 0.03 to 0.04 ma per millilumen are ob-
tained. 

When the photocell is to be used with step-function 
light inputs or ac light signals having frequencies of the ' 
order of 100 kc or higher, the effect of the barrier ca-
pacitance must be taken into account. This capacitance 
is represented in the high-frequency equit-alent circuit 
of Fig. 5 (right) as a capacitance in shunt with r, . This , 
circuit can be solved for the load current by simple 
analysis. If, as before, one introduces the practical as-
sumptions that RL is very much smaller than re and 
very much larger than ri„ then the load current reduces 
to i-,41/(1+jR LC(..). This expression is equal to kl at 
low frequency, remains substantially flat with in-
creasing frequency until the second teem in parenthesis 
becomes comparalde with unity, then decreases with 
further increase in frequency according to the 1/f rela-
tionship, in quadrature with the light input. 
Barrier layer capacitances of M-1740 photocells have 

not yet been measured directly. Calculations based on 
j the p-n unction theory'' give capacitances of a few micro-

tnicrofarads for such junctions back-biased at 50 volts. 
For a load resistance of 100,000 ohms the term RLCut 
becomes comparable with unity at frequencies of the 
order of a megacycle 

The simple barrier capacitance effects are usually 
dominated in practice by the effects of diffusion transit 
time of the carriers Electrons or holes liberated some 
distance away from the junction may require micro-
seconds or tens of microsecutok to diffuse into the bar-
rier and be collected This process superposes an addi-

n W. Shockley, "The theory of p-i, junctions in semiconductors 
and pn junction transistnrs," 13c11 Sri.. Tech. Jour., vol. 28, p. 435; 
May, 1949. 
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tional lag upon that attributable to barrier capacitance 
Transit time effects have been studied quantitatively 
by Anderson (unpublished), who measured the delay 
in response to short, steep light pulses incident upon a 
photocell at various distances away from the junction. 
His results show that as the illuminated spot is moved 
farther away from the junction the current collection 
pulses are more delayed, more attenuated, and more 
spread out. These experiments lacked resolution-in-
time below about 2 µsec because of the shape of the 
light flashes and other experimental limitations. How-
ever, they do indicate that by masking down the photo-
cell window so that light can fall no farther away from 
the junction than about 0.010 inch, the delay in re-
sponse can be reduced to at least this value. 

6. TEMPERATURE DEPENDENCE OF THE 
CHARACTERISTICS 

The dark current of a germanium p-n junction photo-
cell increases by a factor of approximately 10 in going 
from a temperature of 20 degrees C to a temperature 
of 55 degrees C. This appears true regardless of what 
-the room temperature dark current of the cell may be. 
Table I gives measurements of dark and light currents 
for a number of cells at these two temperawres. These 
tests were made at 24 volts dc with a flux of 6.25 milli-
lumens for the light condition. 

TABLE I 

Unit No. 

Dark current, pa Light current, pa 

20°C 55°C 

2 

4 
5 
6 

3.7 35 
8.6  91 
1.8 19 
3.1 26 
12.4 108 
4.7 52 

20°C  55°C 

190 
160 
180 
206 
196 
164 

270 
240 
252 
292 
268 
242 

Examination of these data shows that the increase in 
light current caused by temperature increase is larger 
than the dark-current increase for the same cell. Thus 
the sensitivity increases with increasing temperature. 
This is accounted for by temperature variations of mo-
:'bility, diffusion constant, minority carrier lifetime. 

7. NOISE IN P-N JUNCTION PHOTOCELLS 

Measurements of noise in p-n junction photocells 
have been made by Montgomery. The quantity deter-
mined was the ac short-circuit noise current in a 1-cps 
band at 1,000 cps. Values for a typical photocell are 
given in Table II for different light-flux conditions and 
two different dc bias-voltage conditions. 

TABLE II 

Dark  Light  More light 
DC supply - - 
voltage  dc pa noise opa  dc pa noise pisa  dc pa noise µp.a. 

45  6.7  30  154 25  620  50 
90  7.6  45 144 55 600  60 

An observation of unusual interest is that, for a given 
bias voltage, while the dc current may increase by a 
factor of nearly 100 from the dark to the highest light 
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condition, the noise current changes by an amount 
hardly distinguishable from the uncertainties of meas-
urement. Junction photocells have been examined for 
the appearance of their noise on an oscilloscope, and 
no irregularities have been observed over periods which, 
added together, aggregate several hours. The noise is 
well behaved in the sense that it does not exhibit bursts 
or spikes of amplitude greater than what is expected on 
the basis of smooth distribution. 
It is interesting to compare quantitatively the noise 

power available from a p-n junction photocell with that 
from a point-contact phototransistor. Calculation from 
Table II for the p-n photocell gives around 2 X10—'5 
watt per cycle at 1,000 cycles. For a point-contact pho-
tocell the corresponding figure is around 10--" watt per 
cycle, giving a 17-db advantage for the junction device. 

8. RELIABILITY 

Comprehensive life tests for observing the reliability 
of junction photocells over large periods of time under 
conditions of environmental abuse have been initiated 
but not yet completed. Prolonged exposure of the M-
1740 photocell to a high-humidity environment results 
in an upward drift of dark current. The rate of increase 
is greater the higher the temperature. If the increase 
is not carried too far, the effect is reversible and the 
initial characteristics are restored when the unit is 
dried out. Present experience indicates that operation 
should be avoided above 60 degrees C and that ship-
ping and storage exposure to temperatures of 70 degrees 
C or higher for more than a few days may result in a 
permanent upward shift in dark current. 
An operational life test under conditions of ordinary 

room temperature and humidity was set up by Pieten-
pol more than two years ago. Except for the failure of 
one cell out of the set of 9, for assignable reasons of 
faulty encapsulation, the units have substantially the 
same characteristics as initially. Other tests under the 
same environmental conditions, but under different 
electrical and optical conditions, have been in operation 
for shorter times, with same favorable results to date. 
Because the device is small, its heat dissipation is 

limited. In applications where large supply voltages are 
used and photocurrents of a milliampere or more are 
expected, the load resistance should be chosen large 
enough to keep the dissipation in the photocell itself 
below 50-mw continuous. instantaneous dissipations 
such as those encountered in switching transitions may 
exceed one watt for a few milliseconds. 

9. CONCLUSIONS 

The characteristics of the M-1740 p-n junction photo-
cell have been described. Its small size and weight, its 
low (lark current, rapid response, and mechanical rug-
gedness recommend it for applications where these 
qualities are particularly desired in a semiconductor 
photocell. It is further characterized by low noise and 
high sensitivity. In its present form it is unsuited for 
use in extremes of temperature or humidity, but under 
ordinary conditions its operation is reliable. 
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Hall Effect* 
OLOF LINDBERGt 

Summary—The Hall effect is one of the rich sources of informa-
tion about the conduction properties of semiconductors. The mobility 
and carrier concentration can be obtained from the Hall constant in 
conjunction with the resistivity; this cannot be done with the re-
sistivity alone. The mobility is pertinent to the understanding of 
transistors since such things as high-frequency cut-off and the in-
trinsic current gain of the transistor are related to this property of 
germanium. The Hall effect and associated thermomagnetic and 
galvanomagnetic (Ettingshausen, Nernst, Righi-Leduc, and Ohmic) 
effects are discussed. The elimination of the effect of associated 
phenomena from the Hall measurement can be achieved in several 
ways. Some of the methods which are used today in the study of 
germanium are discussed, and typical apparatus is described. 

INTRODUCTION 

THE TRANSISTOR makes use of the special con-
duction properties of semiconductors to gain the 
advantages it has over the vacuum tube. To 

understand the advantages and limitations of the 
transistor one must understand these special conduc-
tion properties. For example, the high-frequency cut-off 
of the type A transistor can be predicted from the in-
jected carrier's transit time which is related to the 
mobility. The intrinsic current gain in the type A 
transistor is related to the ratio of the mobility of elec-
trons to the mobility of holes. In dealing with current 
flow in semiconductors, one must take account of the 
fact that other carriers than electrons may be present. 
The nature of these carriers (whether they are electrons 
or holes), the number of carriers per unit volume, and 
the ease with which they respond to an applied elec-
tric field (mobility) are all important quantities to 
know. The Hall effect provides a direct measurement 
of the carrier type and concentration and, in conjunc-
tion with the resistivity, yields the mobility. The 
density of carriers in semiconductors is determined in 
part by the density of foreign atoms in the material 
(for example, aluminum in germanium). Thus the Hall 
measurement is used to determine the density of im-
purity atoms. This measure of impurity density in 
high-purity samples is several orders of magnitude more 
sensitive than the best chemical procedures. Because of 
this, the measurement of the Hall constant is one of the 
basic procedures in experimental studies of semicon-
ductors. 

The Hall effect occurs when a substance carrying a 
current is subjected to a magnetic field perpendicular 
to the direction of the current. If the current is flowing 
in the x-direction and the magnetic field is applied in 
the z-direction, a potential gradient will appear across 
the sample in the y-direction. This transverse potential 
gradient is found to be proportional to the product of 
the current density in the sample and the applied mag-

• Decimal classification: R282.12. Original manuscript received 
by the Institute, June 30, 1952. 
t Westinghouse Research Laboratories, East Pittsburgh, Pa. 

netic field; the constant of proportionality is called the 
"I tall constant." Mathematically this can be expressed 
as follows: 

Grad VII = — Rill. (1) 

Grad V11—(the transverse potential gradient) =  

where Ell is the I tall field. 
i--the current density. 
the applied magnetic field. 

R--the Ilall constant. 

If the sample is a rectangular solid of width a and thick-
ness b and if the distribution of current is assumed 
uniform, (1) can be rewritten in terms of the total cur-
rent I, the Ilan voltage VII, and the dimensions of the 
sample. 

171, — RI II 
Grad = =   

a ab 

— RI!! 
=   • (2) 

The I Iall effect can be explained on the basis of the 
particle nature of conduction. The current consists of 
streams of charged particles drifting under the influ-
ence of the electric field. When not under the influence 
of the magnetic ficld, the current flows longitudinally 
in the sample. On application of the magnetic field, the 
current carriers experience a force e/c(DX II) and are 
swept to the edges of the sample. The charge continues 
to build up on the edges of the sample until the field 
due to the nonuniform charge distribution exerts a 
force equal to the deflecting force of the magnetic field. 

Fig. 1—Rotation of equipotentials by Ilan effect. The !fall effect 
rotates the equipotentials so that they are no longer normal to the 
current flow. 

Fig. 1 shows that the equipotentials are no longer 

normal to the current flow, but have been rotated 
through an angle 0, called the "I Iall angle." Examina-
tion of the vector diagram of the fields in Fig. 2 (opposite 
page) shows that the I tall angle 0 is determined by the 
following relation: 



11952 Lindberg: Hall Effect 1415 

EH 
tan 0 = 0 for small angles. 

(3) 

Ri thr 
) Now E ll = RiH and Ex = —, thus 0 =  = RHa, 

a 

where a is the conductivit y. 

/ /8 .1  
E Ex  

EH 

Fig. 2—Vector diagram for the Hall effect. The Hall angle 0 is the 
angle of rotation of equipotenatls. Ell is the Hall field if the car-
riers are electrons. 

It is possible to calculate an expression for the Hall 
constant on the basis of the particle theory. In the 
derivation we assume that only electrons are present; 
'but if only holes are present, the procedure is analogous. 
From the discussion above, the condition for the steady 
state is that the deflecting force of the magnetic field 
on a current carrier just equals the force exerted by the 
transverse electric field due to the charge build-up at 
the edges of the sample. This condition can be met 
mathematically by setting the y-component of the 
electric-field force equal in magnitude but opposite in 
sign to the force experienced by a charge moving in the 
magnetic field. 

cE,j= e (4) 

EH =   y the current density i = nevi (5) 
nec 

where n the carrier concentration; Ix and II, can be 
replaced by i and II since i  = Hi = Hi, = O. 

ill 
Elf = = Rill 

nee 

1 
R= 

nee 

(6) 

The Hall constant derived by this method is valid 
only insofar as the particle picture of conduction is 
valid; that is, it applies to simple metals and impure 
semiconductors. To obtain an expression of more gen-
eral applicability the mechanism of conduction must be 
examined more closely on the basis of a Boltzmann 
distribution of velocity of carriers. The result of such 
an investigation gives a relation which is generally used 
in semiconductor work when only one type of carrier is 
involved.' 

•  ' NV. Shockley, "Electrons and Holes in Semiconductors," D. Van 1 Nostrand Co., Inc., New York, N. Y., p. 277; 1950. 
• 

3r 1 
R = — 

8 nec 
(7) 

From the measurement of the Hall constant, the car-
rier concentration can be determined. In an impurity-
type semiconductor the carrier concentration is de-
termined by the density of the dominant impurity. For 
example, in germanium at room temperature the in-
trinsic carrier concentration is approximately 5 X10" 
carriers per cubic centimeter, and impurity densities 
ten times as great are commonly found; thus it intro-
duces a small error to attribute the entire carrier concen-
tration to impurity atoms. From (6), the carrier concen-
tration is proportional to 1/R. This gives a quantitative 
measure of the impurity density. The value of this 
procedure can be seen from a calculation of the per cent 
impurity concentration for an impurity density of 
4 X10". There are approximately 4 X1027 atoms of ger-
manium per cubic centimeter; thus concentrations of 
one part in 107 are commonly met. To use chemical 
analysis to determine such impurity concentrations is a 
hopeless task. The Hall voltage, on the other hand, be-
comes larger for lower impurity concentration, and 
therefore more easily measured. 
The carrier concentration does not give the complete 

picture of the conduction properties. The conductivity 
a is related to the carrier concentration, the charge of 
the electron, and the ease with which the carriers move 
in an electric field (mobility). The latter is defined as 
the steady-state average velocity of the conducting 
particle (cm/sec) in unit electric field (1 volt/cm). In 
germanium the mobility will vary from 1,000 to 3,600 
cm/sec per volt/cm. In a semiconductor with both 
negative and positive (holes) carriers the conductivity 
must be a function of the concentration and mobility of 
both holes and electrons. 

a = nlelm„ -I- pl et;29 

n—electron concentration (no/cc). 
p—hole concentration (no/cc). 
p„—electron mobility (up to 3,600 cm2/volt-sec in 

germanium). 
µ—hole mobility (up to 1,700 cm2/volt-sec in ger-

manium). 
In the range where the concentrations of holes and elec-
trons are about the same this expression for conductivity 
must be used. At the operating temperature of a semi-
conducting device, the concentration of one type carrier 
is much greater than the concentration of the other so 
that the conductivity will be dependent on only one 
term or the other in (8). 
For p-type sample: o=p e ii,,. 
For n-type sample: o=n e s,,. 
Carrier concentration can be determined from the 

conductivity if the mobility is known or a value is as-
sumed. The Hall effect gives a method for determining 
the mobility and the carrier concentration for both 
n-type and p-type semiconductors without assumptions. 

(8) 

• 
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For an n-type sample the Hall constant is negative 
since e is negative. 

— 3w 1 
R = — 

8 n el C. 
(9) 

For a p-type sample the Hall constant is positive be-
cause the charge of a hole is positive. 

37  1 

8 pec 

The Hall-angle formula differs for holes and electrons 
since mobility is different for holes and electrons. 

"Mn  
• n-type: 0 = (11) 

11µ, 
p-type: 0 =   (12) 

(10) 

Solving (9) and (10) for the carrier concentrations and 
(11) and (12) for the mobilities, the following expres-
sions are obtained: 

11 = 

Mn = 

37r — 1 
— - -
8 Rec 

Oc 
•— = PRI ac 

3r  1 
P = —  

8 Rec 

Oc 
= — = Rac. 

In measurements of the Hall voltage, certain asso-
ciated effects give rise to potentials which must be 
corrected in order to avoid error in the measured value. 
The largest of these effects is the potential which ap-
pears because of the experimental difficulty in aligning 
the measuring probes on the same equipotential plane. 

A 

• 

Fig. 3—Source of IR drop error. It is difficult to align the probes A 
and B so that no voltage will be measured in the absence of a mag-
netic field. 

If Fig. 3, A and B are probes for measuring the Hall 
potential. With no field applied, the equipotentials are 
ideally planes perpendicular to the lines of current flow. 
If probes A and B are not exactly on the same equi-
potential, a potential will be measured between them, 
giving a constant error to the Hall voltage measured. 
This voltage can easily be of the order of magnitude of 
the Hall voltage itself. This effect is sometimes referred 
to as the "IR drop." The IR drop is dependent only on 
the current and the conductivity of the sample, not 
being affected by a reversal of magnetic field. 
In addition to the IR drop, there are three thermo-

magnetic or galvanomagnetic effects, the Ettingshausen 

effect, the Nernst effect, and the Righi-Ixduc effect 
These effects will give rise to a temperature gradient or 
a potential gradient when either an electric current or a • 
thermal current is subjected to a magnetic field per-
pendicular to the direction of current flow. A temi)era-
ture gradient as well as a potential gradient will cause 
an error in the I Ialbeffect measurement. In Fig. 4, junc-
tion A is at temperature T2 and junction B is at tem-
perature Th which is less than 72. Since the prob 
material is in general not the same as the sample ma 

terial, the probes and the  form a thermocoupl 
and produce a voltage dependent in sign and magnitud 
on the m.iteri,ds of the probes and the sample. 

12 I A 

Fig. 4-- FAtingshansen efk I. I he E! t in-ert elfei Iale.i-ihi• edge 
at probe  to It al iemper: t lire 1, gi-t• ocr tutu iu  the Tempera-
ture of the other edge. 

In the Ettingshausen effect, a permanently main-
tained temperattin• gradient will appear if an electric 
current is sul jet t,q1 to a magnetic field perpendicular 
to its t:ir, (lion of flow. The temperature gradient is 
found to I e prupurl ionitl to the product of the current 
density and the magnetic field.' 

AT 
= lull 

a 

"III 
= - -

h 

ab 
(13) 

the difference of temperature between the edges 
of the sample. 
-current density. 

I— total current. 
/1--magnetic field perpendicula'r to the direction of 

current flow. 

P— Ettingskinsen coefficient. 
a--width of sample. 
b—thickness of sample. 

As in the case of the Ilan effect, uniform current dis-
tribution and a rectangular solid sample have been 
assumed. 

The Nernst effect and the Righi-Leduc effect are 
similar to the I fall effect and the Ettingshausen effect 
except that they are produced by a thermal current 
and a perpendicular magnetic field rather than an elec-

2 P. W. Bridgman, "The Thermodynamics of Electrical Phe-
nomena in Metals," Macmillan Co., New York, N. Y., pp. 135-138; 
1934. 
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lirection if a thermal current flows in the x-direction 
a magnetic field is applied in the z-direction.2 

wll 
= Q (14) 

.11EN—Nernst transverse potential gradient. 
w—thermal current density. 
K—thermal conductivity of the sample. 
Q—Nernst coefficient. 
The Righi-Leduc effect produces a temperature 
;radient in the y-direction when a thermal current flows 
n the .v-direction, and a magnetic field is applied in the 
;-direction.' 

wil 
—  = — 
a 

(15) 
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VN= potential due to Nernst effect. 
VRL  = thermocouple potential due to the Righi-Leduc 

temperature gradient. 

If the sample current is reversed and the potential at 
the probes, A and B, is remeasured, then the potential 
will be 

El= — Vi, — VE+ VN  VRL• 

Since the hail and the Ettingshausen effects are directly 
related to the current and the Nernst and the Righi-
Leduc are independent of current, only the former 
change sign when the current is reversed. Subtract El 
from E; 

E = 2(V,,  VI?) 

E — E1 
H +  E =  

2 

(16) 

To take account of all first-order associated effects, 
the IR drop must also be considered. If the probes, A 
and B, were not properly aligned on equipotentials at 
no magnetic field (as is always the case when the ex-
periment is performed), then the voltage measured at 
the probes A and B would be 

E =  VE+ VN  VRL + VI R. 

VIR is the potential due to IR drop. 
V1R is a function of the current but not the field. 
VH and Vi, are dependent on both I and H. 
VN and l'RL are dependent on H but not on I. 

If a series of four measurements is taken reversing the 
magnetic field and the sample current in all possible 
combinations,* then a method is available for eliminat-
ing all the undesired associated effects except the 
Ettingshausen. 

(+H, +I) Ec=  Vi,  VN  VRL + 

(+H, —I) E2 = 

(—H, —I) E3 = 

(—H, +I) E4 = 

which yield 

VE+ VN  VRL — 

VII  Vi,  VN  VRL -

- VII  Vi,  VN  VRL + 

Vi, = 
E3 E4 

4 
(17) 

This method has been outlined in detail because it is 
a standard method of making Hall measurements in 
the presence of the associated thermomagnetic and 
galvanomagnetic effects. The method is not completely 
satisfactory since it doesn't separate the Ettingshausen 
effect from the Hall effect and since a series of four 
measurements requires sufficient time for possible 
changes to occur in the experimental conditions, espe-
cially if measurements are being made as a function of 
temperature. 

These objections are overcome by making the meas-
urements with an ac field and an ac sample current. Let 
the field and the sample current be the same frequency. 
The Hall potential from (2) is 

RI!! 
- ril = 

Substitute the instantaneous value of I and II in (2); 

',/ =  I' sin will' sin col 

RI!'!' RIP!' 
I'll = cos 2(4. 

2b lb 

Similarly, for the Ettinghausen temperatures gradient 

PI II 
= equilibrium 

11'11'  1'1'11' 
T —   (cos 2(4)(e-4 '0). 

2b 

(18) 

The exponential is due to the time required to build 
the temperature up to equilibrium; wo is a constant of 
the material, inversely proportional to the heat ca-
pacity and dependent on certain other properties. The 
other effects will be ac, and can be represented as fol-
lows: 

F1k = A sin (a 

= B sin (4 

C sin wt. 

A, B, and C are the appropriate constants. The signal 
measured at the Hall probes will be the sum of several 
components. If only the dc component is measured, 
then the potential will be the ruin of the Hall voltage 
and the voltage due to the Ettingshausen temperature 
gradient, with the result that the Nernst and Righi-
Leduc and the IR drop have been eliminated as a source 
of error and only one measurement need be made. 
The Ettingshausen effect has associated a certain 

time delay which is required for the temperature gradi-
ent to become established. This is accounted for by the 
exponential in (18). For example, in bismuth the time 
required for the temperature gradient to reach its maxi-
mum value has been measured by one observer to be 
about one minute. (This corresponds to wo=0.1.) This 
makes it apparent that an ac Ettingshausen effect 
would not be detectable if the period were sufficiently 
short compared to the response time of the effect. This 
is the basis of a measurement method which will sepa-
rate the Hall effect and the Ettingshausen effect. If the 
field and the current are of different frequencies, then 
all the resulting signals on the hall probes will be ac 

I = I' sin colt 11= 11' sin co21 

4 The measurements must be made rapidly so that the part of the 
temperature gradient due to the Peltier effect does not have time to 
reverse after the current is reversed. 

VII = 
RIH  R1'11' 

2b 
[cos (4)1 — CO2)1 — cos (C01 W2)11 
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i" VE = D 
P/'H' fr exp  F-- I — 0,21 

2b  L  J/ 

— exp 
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cos (Oil — 4.12)1 

L 
wi '&'oo+ .21) cos (w1  w2)d 

As in the previous case, b is sample thickness and wo 
is a constant of the material. D is a constant to account 
for the thermoelectric effect, and depends on the probe 
material and the sample material. 

Via = A sin wit. 

Va = B sin w21 

l'RL  = C sin 0.11. 

If the difference frequency is high compared to coo, 
selecting either the sum or the difference frequency 
with a suitable filter, the measurement will give the 
Hall voltage directly. This method gives the Hall 
voltage free from all associated first-order effects, and 
requires but a single measurement to do so. The Hall 
constant is 

2bVll' 
R =  

The primes indicate peak values and b is the sample 
thickness. 
There are other possible methods for making Hall 

measurements; these utilize various combinations of ac 
and dc for the field and the sample current. The meth-
ods described above are typical and an analysis of any 
of the other methods would be similar. 

DC POWER 
SOURCE 

°D.C. 
POWER 
SUPPLY 

Fig. 5—Typical dc Hall effect apparatus. This is the most common 
and the simplest method of measuring Hall effect. 

Fig. 5 illustrates schematically the apparatus for 
making dc Hall measurements. The dc electromagnet 
produces a field up to 5,000 gauss in the air gap. Usually 
a field of 1,000 gauss provides a Hall voltage large 
enough to be readily detected. The dc power supply, 
usually a battery, allows a sample current of 1 or 2 ma. 
The current should be small to produce as little PR 
heating of the sample as possible and to keep the Peltier 
heating at the junctions small, but it must be large 
enough to produce a detectable Hall voltage. A Hall 
voltage of about 100 ,.iv is desirable if it is to be meas-
ured with a potentiometer. If the results of a Hall meas-
urement are as follows, 

V = 100 AlV 

H = 1,000 gauss 

then 

/ = 1 ma 

b = 1 mm, 

— V Hb 
R =  X 108 = 

HI 

cm3 
R = —1,000   

coulomb 

—10-4 volts 10-' cm 
  (109 
103 gauss 10-3 amp 

The factor 108 converts voltage and current from elec-
trostatic units to practical units. Equation (7) de-
termines the carrier concentration; 

371"  1.17 
n  = 7 X 10'5carriers/cc. 

8Rce  103 X 1.6 X 10-'9 

In (7) the electronic charge is in electrostatic units; in 
the expression used above, the charge is in the practical 
system of units (coulombs). The carriers are electrons 
since the Hall constant is negative. 

I # 60m, 
POWER 
SOURCE 

 o 10 CPS 
 AMPLIFIER 
o  0-

70 CPS 
GENERATOR 

RECORDING 
POTENTIOMETER 

Fig. 6—Typical ac Hall effect apparatus. 

Fig. 6 shows an apparatus for making ac Hall meas-
urements. The electromagnet is supplied by a single-
phase, 60-cycle power source, and produces a magnetic 
field in the gap up to about 5,000 gauss. The 70-cycle 
generator produces a current of 1 or 2 ma in the sample. 
The Hall-voltage component (the difference frequency) 
is amplified by a selective amplifier and the output fed 
into a measuring device, such as a recording potentiom-
eter. The system is required to be stable so that accurate 
calibration can be obtained. This method is especially 
adapted to making measurements as a function of tem-
perature where a continuous record of the variation of 
Hall voltage is desired. 
The measurement of the Hall effect may be made in a 

variety of ways. The ac Hall apparatus is probably the 
best type for rapid determinations. The measurement 
is extremely useful in the determination of impurity con-
centration as such a deduction requires no assumptions 
as to other properties of the material. 
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Measurement of Minority Carrier 
Lifetime in Germanium* 

L. B. VALDESt, ASSOCIATE, IRE 

Summary—A method for measuring the lifetime of minority 
carriers in germanium is described. Basically, it consists of liberating 

the carriers optically on a flat face of a crystal and measuring the 
concentration of minority carriers as a function of distance from the 
point of liberation. The mathematical model is analyzed and experi-
mental results are presented here. 

I. THE PROBLEM 

I DEs.(;N THEORIES indica te that the res ist ivity  
and lifetime of minority carriers are essential 
properties of the bulk material to be used for 

the fabrication of transistors and other semiconductor 
devices. It is desirable to measure lifetime in order to 
understand its effect on the functions performed by a 
transistor and to be able to determine from theory what 
kind of material should be used for transistor manufac-
ture. The role which lifetime p1.1 ,s in determining the 
reverse collector impedance and alpha under normal 
operating conditions and the way in which it affects 
other phenomena, such as minority carrier injection 
from the base, in both junction and point-contact tran-
sistors, must not be underestimated.' 
However, in order for information such as this to be 

valuable it is necessary to be able to measure lifetime in 
a way which is reliable, convenient, and reproducible. 
The method to be described, which was developed at 
Bell Telephone Laboratories by Nlorton and Haynes, 
accomplishes precisely that. 

I I. M ETHODS AND ASSUMPTIONS 

This measurement method, known as the Morton-
Haynes method, is a scheme for measuring the diffusion 
length of minority carriers in single-crystal germanium. 
The physical model for it is shown in Fig. 1. Essentially 
it consists of liberating hole-electron pairs by light on 
the surface of a germanium crystal and measuring the 
concentration of minority carriers as a function of dis-
tance from the point at which they are liberated. 
In the physical model the surface is shown to be il-

luminated with a narrow rectangle of light and a detec-
tion electrode is locat:d a distance r from the center of 
the illuminated area. In order to treat this model cer-
tain assumptions must be made. It must be assumed 
that the illuminated rectangle is an infinitely long line, 
which is a good approximation if the width of the rec-
tangle is less than one-ti I th r„,1,,. and the length is at least 
four times r„. If surface recombination is assumed to 
be negligible, the measured lifetime is the volume life-

* Decimal classification: R282. 12. Original manuscript received 
by the Institute, August 11, 1952. 

t Bell Telephone Laboratories, Murray Hill, N. J. 
W. Shockley, "Electrons and Holes in Semiconductors," D. 

Van Nostrand Co., Inc., New York, N. Y., 1950. 

time, and the injected carriers flow along radial lines. 
The electric field of the collector electrode must be small 
and concentrated in the immediate vicinity of the elec-
trode: otherwise, the field will affect the flow of injected 

-  

S 

r 

_ 

Fig. I Physical modd. 

carriers. which for simplicity should be due only to dif-' 
fusion. Finally, the illuminated area and the electrode 
must be far from the siles of the crystal, or carriers will 
be reflected from those surfaces and produce a false read-
ing. 13y "far - is meant distances greater than 1.5 times 
the diffusion length of the minority carriers. 

I  

Fit:. 2 Mathematical model. 

The mathematical model is presented on Fig. 2. 
Starting. from the diffusion equation for holes in n-type 
material 

r2p —  - = 

transforming it to cylindrical co-ordinates, since radial 
flow only has to be considered and setting the boundary 
conditions that 

at 

and 

p = 0 at r = x 

one finds the solution to be 

r = 
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HI 

p(!) Nino' (i ), 
L, 

*where p =added hole density and L= diffusion length 
for holes. This solution is expressed in the form of a 

Hankel function of pure imaginary argument, and was 

obtained because the diffusion equation in cylindrical 

co-ordinates takes a form of Bessel's equation. See Ap-

pendix I for more details. 

In order to reproduce this physical model in an ex-

perimental setup it is necessary to treat the surface of 

the material whose lifetime is to be measured in such a 

way that a low surface-recombination velocity is ob-

tained. This is accomplished by etching the surface with 

CP, etch and then treating it with antimony oxychlo-

ride.' 

The method used consists of illuminating the surface 

with a rectangle of light that is interrupted at a low 

audio-frequency  rate.  The  carrier concentration is 

measured by a collector electrode biased in the reverse 

direction since the current through such an electrode is 

linearly related to the minority carrier density.' The use 

of chopped light permits measurement with an ac volt-

meter of the voltage across a resistor in series with the 

collector, thus separating the minority carriers liberated 

optically from the steady-state concentration. To col-

lect the carriers more readily at the electrode and 
increase the signal-to-noise ratio it is desirable to elec-

trically form the point-contact electrode. 

A schematic of the equipment is in Fig. 3. The light 

f 

(HY 51AL 
DI M 704 

i —_—_±1414311,•fr.-tonfcre,e 

Fig. 3 Equipment schematic. 

from a tungsten-ribbon lamp is focussed on a slit and 

interrupted as a square wave by means of a chopping 
disc driven by a synchronous motor. The image of the 

slit is projected on the surface of the germanium crystal 
by a lens whose position is adjustable. Baffles are pro-

vided inside the tube supporting the lens to reduce the 

2 J. R. Haynes and W. Shockley, "The mobility and life of in-
jected holes and electrons in germanium," Phys. Rev., vol. 81, no. 5, 
pp. 835-843; March 1,1951. 

3 J. Bardeen, "Theory of relation between hole concentration and 
characteristics of germanium point contacts," Bell. Sys. Tech. Jour., 
vol. 29, no. 4, pp. 469-495; October, 1950. 

W. Shockley, G. L. Pearson, and J. R. Haynes, "Hole injection 
in germanium-Quantitative studies and filamentary transistors," 
Bell Sys. Tech. Jour., vol. 28, no. 3, pp. 344-366; July, 1949. 

scattered light reaching the sample. The collector elec-
trode is placed on the surface by a micromanipulator, 
which also has provisions for moving the position of the 
crystal and electrode with respect to the stationary op-
tical system. The electrode is adjusted to come down 
onto the surface at a 10° to 30° angle with respect to the 
normal line in order to prevent its shadow on the illumi-
nated area. 

Fig. 4—Lifetime measuring equipment. 

The filter, forming circuit, and bias supply are con-

tained in a panel with switches for reversing the polarity 
of the bias depending on whether the sample is of n- or 
p-type material. Forming is carried out in steps, increas-
ing the pulse in intensity until a suitable signal-to-noise 
ratio is obtained. The use of a narrow-band filter pre-

ceding the detector gives a further improvement in sig-

nal-to-noise ratio. Fig. 4 depicts the equipment. 

III. RESULTS 

A typical plot of the experimental results is shown in 

Fig. 5. The measured voltage variation across the resis-

tor in series with the detection electrode is labelled sig-

nal voltage and used as an ordinate. The abscissa is the 
distance r between the collector electrode and the light. 
The theoretical curve is one for a value of L,= 94 X10-3 
cm, corresponding to a hole lifetime of 200 is. This 
scheme of matching curves is used for lifetime compu-
tations. The departure between theory and experiment 
occurs at small values of r/L,, where the assumptions 
regarding thin line width and radial carrier flow do not 
hold. 
The other extreme where errors may be introduced is 

at large distances. When the signal level decreases until 
it approaches approximately 3 times the noise level, the 
readings become unreliable. The same is true in long-
lifetime samples where the carrier concentration at the 
bottom or the side of the sample increases appreciably 
and changes the diffusion gradient. See Appendix II for 
more detailed discussion of limitations of this method. 
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Fig. 5--Experimental results 

IV. CONCLUSIONS 

This method of lifetime measurements is simple, ver-
satile, reliable, and reasonably reproducible. It is simple 
because the time involved in the measurements is small 
and a minimum of preparation is required for the sam-
ple. The versatility is exemplified by the ability to 
measure lifetimes from a few microseconds to several 
hundred microseconds, limited in one case by the sig-
nal-to-noise ratio and in the other by the amount of 
surface recombination and the finite sample size. The 
reproducibility of the measurements made on a surface 
with the same surface treatment is indicated by a co-
efficient of variation less than 10 per cent, although the 
variabilities introduced by treating the surface again 
are generally greater and may give a coefficient of varia-
tion as large as 25 per cent. 
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APPENDIX I 

Equations Governing the Flow of Minority Carriers in 
Germanium and the Calculation of Lifetime 

The purpose of this section is to indicate a solution to 
the diffusion equation with the geometry of Fig. 2 and 
the assumptions outlined in the text and to discuss the 

method of calculating the lifetime from the experimental ' I 
data. For simplicity only, the flow of holes in n-type ma-
terial will be considered since the solution applies 
equally well to electrons in p-type material if the appro-
priate diffusion constant is used. 
The diffusion equation for holes is 

v 2p   =  0, 

L 7,2 

(1) 

where p is the added hole density and L, is a constant 
which equals the diffusion length for holes.' This equa-
tion can be expressed in cylindrical co-ordinates. Taking 
the r = 0 axis to correspond to the illuminated line and 
using the assumption of radial flow, the equation be-
comes 

(Pp 1 dp p 
  — — — —  = 0, 
dr 2 r dr  4 2 

(2) 

where p is a function p(r) of the radial distance from the 
illuminated area only. The assumption of zero recombi-
nation velocity permits the surface of the germanium 
crystal to be considered perfectly reflecting, which sim-
plifies the problem considerably. It is thus possible to 
solve the case of the liberation of holes along a line in the 
center of an infinite volume in order to get an expression 
for the density of holes along the surface of a supposedly 
semi-infinite crystal of germanium. 
If, by definition, x =r/L,„ (2) becomes 

(Pp 1 dp 
—  — — — p = 0, 
d x2 x dx (3) 

which is a form of Bessel's equation having a solution 

p(r) = poillow(ix). (4) 

This is a solution that vanishes as r--) co and goes to in-
finity at r-00. The zero-order Hankel function of pure 
imaginary argument indicated in (4) cannot describe 
the actual hole density at very small values of r because 
(1) does not apply to the illuminated area and cylindri-
cal flow is not realized in an illuminated area of finite 
width. The neglect of surface recombination also adds 
to the discrepancy. Errors at these small distances, how-
ever, do not invalidate the solution at larger distances 
and the boundary condition is determined by setting the 
hole concentration at some arbitrary distance ro, where 
cylindrical flow exists, equal to poiHow (iro/Lp)• 
Because the absolute values of p(r) can not be readily 

obtained from theoretical considerations, the experi-
mental method used for determining the lifetime, or 
diffusion length, of the unknown sample is based on a 
comparison of the slopes of the experimental and theo-

4 The diffusion length is the distance to which the holes diffuse 
before being reduced by recombination to 1/e of their original con-
centration. 

A 
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-etical curves. Experimental data is plotted on semilog 
)aper and the slope at any arbitrary distance r' is 
.neasured. This slope is equal to d[ln p (r')]/dr, which is 
d in p(r)  d[ln illow(ix)]  d[ln  0">(ix)1 dx 

dr  dr  dx  dr 

tnd since dx/dr=1/L„, 

d ln p(r)  1 HI(')(ix) 

dr  illoo)(ix) 

= experimental slope on natural log paper.  (6) 

These Hankel functions can be found in tabulated form.5 
Since x=r'lLi„ where r' is known from the point at 
which the slope was measured in the experimental data, 
the only unknown is L. From L, the lifetime is comput-
able as 

; (5) 

Tr =  (7) 

For calculating the lifetime of electrons in n-type ma-
terial the same procedure is followed, except that the 
diffusion length thus obtained is L. and the diffusion 
constant D. has a different value. At room temperature 
the values of the diffusion constants in germanium are 
approximately6 

D,, = 44 cm2,1sec  D„ = 92 cm2/sec. 

APPENDIX II 

Limitations of the Method 

The purpose of this section is to justify the assump-
tions made in order to solve the problem of lifetime 
measurements and to indicate the order of magnitude 
of the errors involved. 
One of the basic assumptions was to neglect surface 

recombination. Suppose that instead it is assumed that 
the surface-recombination velocity is 200 cm/sec. This 
happens to be a typical value obtained for holes after 
an n-type germanium sample has been subjected to the 
CP4 etch and the antimony oxychloride treatment. Sur-
face recombination produces two important effects: a 
distortion of the cylindrical flow conditions by having 
carriers flow towards the surface and a faster decay of 
the carrier concentration as a function of distance. The 
former is more important at small values of r and the 
latter is more important at large values of r, where one-
dimensional flow conditions would be approximated. 
These effects impose a maximum value of about 500 .is 
for reasonably accurate measurements of the carrier 

lifetime by this method. 
The electric field of the collector electrode is probably 

6 E. Jahnke and F. Emde, "Tables of Functions with Formulae 
and Curves," 3rd. ed., Dover Publications, New York, N. Y., pp. 
236-243; 1943. 

6 J. R. Haynes and W. Shockley, "The mobility and life of in-
jected holes and electrons in germanium," Phys. Rev., vol. 81, no. 5, 
pp. 835-843; March 1, 1951. 

one of the most important and most neglected sources of 
error. Assuming radial current flow away from the elec-
trode along the body of the semiconductor, the electric 
field introduced by the collector current can be calcu-
lated. With a current of 0.5 ma and 3 ohm-cm material 
the electric field at 0.050 cm away from the point is 0.09 
volts/cm. With a hole mobility of 1,700, the transport 
velocity for holes due to the field at this point is 150 
cm/sec. It thus appears that at reasonable distances the 
collector field may be neglected. Such error will, of 
course, necessarily appear at close spacings and, in fact, 
it accounts in part for the deviation between theory and 
experiment which is observed in Fig. 5 at distances less 
than 0.060 cm. 
The necessity of having the illuminated area and the 

collector electrode far from the side boundaries of the 
crystal is not difficult to visualize in terms of the one-
dimensional flow of carriers. Liberated minority carriers 
can diffuse towards the boundary of the sample and 
build up a higher than normal concentration, thus dis-
turbing the normal diffusion of carriers throughout the 
sample. Mathematically, this is equivalent to assuming 
that the carriers are reflected at the boundary and even-
tually collected. If the distance travelled by the re-
flected path is less than 3L longer than by the straight 
path, the reflected carriers become a significant fraction 
of the total number present under the collector elec-
trode. L is used here to indicate the diffusion length of 
whatever type of carrier is being considered. 
The illuminated area has a width W and a length 1. 

It was stated that this area approximates an infinitely 
thin and long line if 

and 
I 4r max. 

These values were arrived at from a consideration of 
the actual lifetime and geometry of the samples en-
countered in use. For instance, the width consideration 
can be determined by integrating the effect of several 
lines of light next to each other and spread over a dis-
tance W on the resulting signal a distance r away. If the 
minority carrier density obtained this way differs sig-
nificantly from the value which is calculated on the basis 
of a single line of light, the spacing is too close. A more 
precise check on the length of the line can be made at a 
specific distance r by calculating the decay of the minor-
ity carriers traveling on a straight line from the end of 
the illuminated line to the detection point and compar-
ing it to those diffusing towards the collector along a 
normal to the line. More exactly, it could be stated that 
if 

e_v12/4-1-4-r 
L  << 1 

the illuminated area is adequately long. 
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Theory of Alpha for P- N-P Diffused 
Junction Transistors 
EARL L. STEELEt, ASSOCIATE, IRE 

Summary—Equations are developed for the emitter and collector 
currents for this type of transistor, and the resulting expressions are 
then used to obtain the current-gain factor. The low-frequency value 
of the current-gain factor and its high-frequency cutoff value are 
shown to depend strongly on the width of the base region, the be-
havior at high frequencies being better for small base width. The high-
frequency behavior when used in grounded emitter applications de-
pends more directly on the lifetime of holes in the germanium and 

shows only a second-order dependence on the base width; the lower 
the lifetime the higher the frequency cutoff value. 

INTRODUCTION 

THE TRANSISTORS which form the basis for the 
discussion to follow differ from the devices made 
by other methods in both intrinsic properties and 

geometry. The general characteristics are very similar 
to those described in the literature,'.2but the new geome-
try brings into the picture sonn modified boundar 
conditions in the design equation. The necessary equa-
tions are developed in the following discussion. 

GENERAL DESCRIPTION 

A brief description of the transistor will be given 
with the aid of Fig. 1. The unit consists of emitter and 
collector regions of p-type germanium and a base region 
of n-type germanium. Ohmic contacts are made to 
these three regions and voltage biases applied as shown. 
The three regions are separated by diffused-type p-n 
junctions which, in general, are rather abrupt. These 
junctions arise from acceptor-type impurities diffusing 

EMITTER 

(P) 

BASE 

(N) 

COLLECTOR 

(P) 

Fig. 1—Schematic diagram or p-n-p transistor with 
bias supplies shown. 

* Decimal classification: R282.12. Original manuscript received 
by the Institute, July 7, 1952. This work was supported, in part, by 
the Air Materiel Command, the Signal Corps, and the Bureau of 
Ships, under Contract AF-33(600)17793. 
t Electronics Laboratory, General Electric Co., Syracuse, N. Y. 
I W. Shockley, "Theory of p-n junction in semiconductors and p-n 

junction transistors, Bell Sys. Tech. Jour., vol. 28, p. 435; 1949. 
2 W. Shockley, M. Sparks, and G. K. Teal, "p-n junction trans-

istors," Phys. Rev., vol. 83, p. 151; 1951. 

into relatively high-purity, single-crystal germanium.' 
The diffused material forms the barrier region behind 
which eXi!ni a rtgion of pc germanium, usually \cry 
thin. One of 1 hese p-type regions exists on either side 
of the n-type region, thus forming the transistor 
structure. 
In this device the conduction is of the deficit type, 

that is, by holes. The potential-energy diagram for these 
holes in the above-described device is shown in Fig. 2. 

PO
T
E
N
TI
A
L 

EMITTER  RASE  COLLECTOR 

xt Xc 

DISTANCE 

Fig. 2—Potential-energy diagram for holes with the transistor in 
thermal equilibrium, without bias voltages applied. 

The holes in the emitter region can be treated as a gas 
of free particles with a Boltzmann-type energy distribu-
tion. Some of these have energies high enough to lift 
them up the potential hill into the base region. Now, if a 
voltage is applied to the emitter, making it positive rela-
tive to the base, the potential hill will be decreased and 
more holes can get up this hill and into the base region. 
This is called "hole injection." Since there is essentially 
no field in the base region away from the junction, the 
holes will drift away from the emitter junction by a dif-
fusion process influenced only bN.:, the concentration 
gradient of the holes and not to any appreciable extent 
by a field-induced drift. As these holes drift, some will 
be lost by recombination with electrons, but most of 
them will reach the collector junction. 
The collector voltage is applied so as to make the col-

lector negative relative to the base. This causes an in-
crease in the height of the potential wall at the collector 
junction. It will be seen that this forms a very good sink 
for holes so that once they arrive at this junction they 
fall through the potential drop and are collected. 
Of course, at the same time as holes are being in-

jected into the base region, electrons are being injected 

3 R. N. Hall and W. C. Dunlap, "/'-.V junctions prepared by im-
purity diffusion," Phys. Rev., vol. 80, p. 467; 1950. 



I•om the base into the emitter region. As it turns out, , hese electron effects are small but not negligible, and 
trill be taken into account in the calculations. This, how-
l. ver, does not alter the basic nature of the device op-
, ration. 

BASIC CONSIDERATIONS 

The flow of carrier through the base region can be de-
zribed by the diffusion equations for the one-dimen-
ional case as follows: 

dp 
1(p) = — qD, —  qpiApE  (1) 

dx 

dp  (p — pB) I dl 

di  TB  q dx 

There the charge on holes (q), hole current (I(p)), hole 
ensity (p), diffusion constant (Dr), lifetime of holes in 
ase before recombination (re, hole mobility (An),  and 
lectric field (E) are related as shown. Quantity (Pa) 
the number of holes normally in the base region 
nder thermal equilibrium conditions. The physical 
leaning of (2) can be given as follows: The rate at 
/hitch hole density in a small region changes (dp/dt) is 
qual to number of holes per second lost by recombina-
ion, ((p—PB)/rB), plus the net number per second 

ihich flow away as current [(1/g)(dIldx) I. The recom-
ination rate is assumed proportional to the density of 
ijected carriers. 
The assumptions which will be used in solving the 
bove equations can be rather simply stated. 
I. The electric field (E) can be neglected in the re-
gions away from the junctions. All the voltage ap-
plied between two regions appears only across the 
junction between those regions. 

2. The junctions are very abrupt, we shall assume 

them to be step functions. 
3. The density of holes in the base region is small 
compared to the electron density there. This means 
that physical parameters, such as mobility and 
lifetime, are not influenced by the injected car-
riers. Also, the conductivity in a given region is 
governed primarily by the majority carriers in that 
region and not by minority or injected carriers; 
that is, in the base the conductivity is due to elec-
trons only and in the emitter and collector the con-
ductivity is due only to holes. 

4. Carrier densities are small compared to density of 
states in germanium and the energies are suf-
ficiently large to enable one to use the Boltztnann 
approximation to Fermi statistics. This is a valid 
assumption for germanium at room temperature. 

The boundary conditions can now be ascertained. Let 
he density of holes in the emitter region be (p.); then 
finder thermal equilibrium conditions the hole density 
n the base region (pB) can be obtained from the Boltz-

mann law by 

Pa = p,e-qvwkr, (3) 
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where the diffusion potential (VD) is shown in Fig. 2. 
If an emitter voltage (V,) is now applied as shown in 
Fig. 3, the hole density in the base region at the emitter 
junction (x.) will be increased to (p,), given by 

Pi = p.e —q(VD—Ve)IkT = p B eVelkT. (4) 

The same sort of argument can be applied at the collec-
tor junction (x,). Thus, 

p2 = p ae —qirelkT, (5) 

where the collector voltage (17,) is applied so that the 
collector is negative to the base. 

>Li 
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Fig. 3—Potential energy diagram for holes, with bias 
voltages applied to transistor. 

STEADY-STATE SOLUTION OF DIFFUSION EQUATIONS 

The substitution of (1) into (2), combined with the 
assumption of a field-free region, gives the following re-

'lation: 

dp  (P  PR) _,_  (Pp 
— = -r- D p 

di  TB 

(6) 

which is to be solved subject to the boundary conditions 
stated by (4) and (5). 
We shall first solve the steady-state problem, where 

dpIdt=0. The time-dependent solution, which will be 
solved later, will yield information on frequency re-

sponse. 

d2p  (p — pB) = 0. 

dx2 Drn 

The solution for this is obviously of the form 

P — pa = Aie-xlvDea + A2e 
l'utting in the boundary conditions and noting that 

xc=x.-Fw where (w) is the width of the base region, (8) 
becomes 

P — Pa = (P2 — 

X — X, ) 

sinh I - - 

stnh 
• C y ) 

III 
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where 
in the 

• sinh   
C — x. — 

LB — (pi — pn)  , (9) 
sinh ( —w ) 

LB 

we have defined the "diffusion length" for holes 
base region as (LB) and 

LB = (Dpre) 1". 

The emitter current density due to holes (Ic(p) ) can 
be obtained by combining (1) and (9) at (x =x.). This 
will be the hole current diffusing into the base region 
from the emitter junction. 

dp 
Ie(p) = — — 

dx1 

= qD,,PB LB  [ (egvelkT 1) coth 

— (e—iv./kr _ 1) csch (- -)]. (10) 
LB 

The expression reduces to 

1 w  2 

It (P) =  ° PPR (eviller 
2 LB 

for large collector voltages (Vi> 2 volts) when [(w/LB) 
«1]. 
It will be noted that this emitter-current equation 

differs slightly from the standard diode-current equa-
tion as typified by (16). The term which accounts for 
the back saturation current is reduced by the factor 
[(1/2)/(w/LB)2[. This comes about because of the 
influence on the emitter by the collector. 
The collector current density due to holes diffusing 

out of the base region into the collector can be obtained 
in the same manner, except that (dpldx) is evaluated at 
at (x=x,). 

dp 
I(p) = — qDp — 

dx 

qDpPo [ 

LB 

Z....IC=.Xt 

(eqv 'kr  —  1) CSC11 

(e— qVcIkT 

e v—LB) 

1) coth  (11) 
LB 

Now, of course, at the emitter junction there will be 
electrons injected from the base into the emitter by the 
same mechanism as for the hole injection. This electron 
flow into the emitter will increase the emitter current, 
but will tend to decrease the efficiency of the device 
because this electron component of current yields 
nothing at the collector, and thereby cuts down the ratio 
of collector to emitter current. 
This electron component can be computed as fol-

lows: Let (n.) represent the density of electrons nor-

mally in the emitter. Then by an argument similar to 
that for (5) we get the electron density in the emitter at , 

the junction as 

nieg vinat (12) 

and similarly, for electron injection into the base from 

the collector, 

n2 = nce —dvdkr. 

Tiw diffusion equation for the electrons is 

d'n  (n — n,) 

dx2 L,2 
= 0. 

(13) 

(14) 

At the emitter, this can be solved subject to (12) with 
the additional condition that the electron density be (n,) 
far in the emitter region. Physical quantities, diffusion 
length for electrons in the emitter region (L,), diffusion 
constant for electrons (D„), and lifetime of electrons in 
the emitter (re), are related by the expression 

L, = (D„r.)'/2. 

The solution of (14) with the prescribed boundary 
conditions at the emitter is 

U — ne = n, (eqvilkT_1)(e(s ),L.),  (15) 

from which the current of electrons into the emitter can 
be obtained from 

du 
I,(n) = qD„ — 

dx  

qD,,n, 
_ 1). 

L, 
(16) 

CALCULATION OF TRANSISTOR PARAMETERS 

We shall now utilize the results so far obtained to 
evaluate the transistor parameters concerned with (a), 
the current-gain factor. 

A. Current Gain (a) 

From the definition, the current-gain factor (a) is 
given by 

a = (17) 

The total emitter current involves both hole and elec-
tron flow. This is given by the sum of (10) and (16), 

I. = I,(p)  I.(n) 

qD„n, 
 (6,0AT _ 1) 
L, 

qDppR [ 

LB 

2i' ) 
—  I) CSC h 

n 

— (egvokr — 1) coth ( —)]. ( 18) 
LB 
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The total collector current is obtained from (11) and an  C. Frequency Dependence of (a) 

electron component similar to (16), which yields  If we assume the injected hole density to have a small 

- I, ----- I(p) + /c(n) ac variation in time of the form exp(ica), then the term 
[0,,n,  qD„pB w (dpldt) from (6) becomes if.0(p — p B). This time variation 

--= —   coth —  (c-0V./IT - 1) will be sa tisfied if the periodic ac signal voltage applied to 
L.  LB LB the emitter is small and superimposed on the dc bias. 

qD,pB ___(emvokr _ 1).w   The diffusion equation simply transforms into 
± —  csch (19) 

LB LB d2P  (1  4°)(9 - P B) = 0.  (23 ) 
If the term (eil"' v - 1) is eliminated between (18) and  DP - + 1. dX2 ra 

(19) and the differentiation is carried out as indicated  Thus, the solution for the steady-state problem can be 
in (17), we obtain utilized with the substitution of (1/LB)(1 +iCO")1/2 in 

1 place of (1/LB). The frequency dependence of (a) can 
a -    (20) )± (D„)( n, )(LB) sinh  ( w )  then be written immediately. Since the diminuation fac-

cosh (--w tor (3) is the only term requiring significant modifica-
LB / \Dp i \ PB / \ Le i  \LB /  tion, we have from (22) 

For the case of [(w/LB)<<1], this reduces to 

1 
a - 

( D,,\( n.\( w \ 
cosh (-1 v--\ 

LB )  Dp PBI\L.l 

(21) 

'In diffused-junction transistors, made with indium 
as acceptor material, we may conservatively estimate 
the following: 

10-6 ; (w/L,) < 100; (w/LB) < 10-1. 

The denominator of (21) can be approximated as 

1 + 1 ( w2 (  \( n.\D„   ( w 
I\ p. I L„ 

and the last term is seen to be almost negligible, com-
pared with the second term which is itself of second 
order. 

B. Injection and Diminuation Factors 

By disregarding second-order terms, the above ex-
pression for (a) can be put into the approximate form 

a = [sech (-;-- v8)] 

1 

a = 0 = sech -1-  (24) 
LB 

A plot of this relation is shown in Fig. 4. 

2 
L 10 

L 30 

.0 100  1000 

(Jh.) 

Fig. 4—Semilog plot showing the frequency dependence of diminua-
tion factor (p) for two different values of (w/LB). 

X [ 1 + Again, for the case of [(w/LB)<<1] we can expand 
the expression for (3) and obtain   

1 
This is similar to the form described by Shockley, et al.2 a = 0 =   (25) 
These factors (j3), (7), can be identified as follows: The  1  W 2 

- 
first term (0) is a diminuation factor which results  1 +  ( 1 +  iW7B) —2 

( D,,)(  n  )( w 

\Dp PB \ L. / 

1 -- fry.  (22) 

LB' 

from the loss of hole current due to recombination of 
holes with electrons while passing through the base.  The  which yields for the frequency cutoff: 
second term (7) is an injection factor and results from 2 L 

the fact that not all of the current injected at the  emitter  WO  =  = 

(26) 
TB  W W 2 

is in the form of holes. There is some electron current 
injected into the emitter which is undesirable.  The  fac-  after  notin g that  (LB =(D,rB)1/2). For high purity, but 
tor (-y) can be defined as the fraction of the total emitter  fairly thick base regions (w <10-2 cm), we obtain 

wol2n = 140 kc/s. current which is in the form of holes. 



1428  PROCEEDINGS OF THE I.R.E. November. 

It can be seen from (25) that the factor, (a/(1 —a)) is 
much more sensitive to the phase, or frequency term, 
than (a), above. Thus, to the same approximation as 
(25), we obtain 

a 2L02[ 
1 le2 1 /  1 w2 \ 1. (27) 1—a  w2 

1+ -12 --L.B2+iwri A 1+ -6 LB') 

The cutoff frequency (w1) for the factor (a/1 —a) 
be obtained from (27) 

Wi = 
1( 1 1 w2 

TB \  12 LB2i • 

This can be as lou••• as a few kc/s for high lifetime base 
material. Since this factor enters into the gain for 
grounded emitter amplifiers, it is seen that the frequency 
response should be much poorer for this circuit. This 
turns out to be the case. Calculations along the same 
lines as indicated here by Pritchard' indicate essential 
agreement with the results. 

Call 

D. Evaluation of Hole Density (pB) 

We wish now to get an expression for the hole density 
in the base (pB) in terms of measurable physical 
parameters of the bulk germanium. 
The conductivity of the base (au) is given in terms 

of the hole mobility (tip), the electron mobility 0.4), 
and electron density (tie), in the form 

au = q(nzoin  Putip)•  (28) 

In intrinsic germanium, the electron density (n.), which 
is equal to the hole density (pi) and the intrinsic con-
ductivity (cri), is related in the same manner as men-
tioned above, 

ai =qniGin  Alp)•  (29) 

By the method of detailed balancing, it can be shown 
that the product of the hole density and that of electron 
density in a given region are related by 

nBpB = ni2.  (30) 

Using the three relationships (28), (29), (30), and sim-
plifying, we get 

[PB —   1 
0 )2 ( An + AIP  ) 2( 11 }  1121 

all  

(31) 

which further simplifies to the following when (crB>>cri) 

1 (7,2  )2 ( A, 

PE = (32) 
+ AP  PP 

4 R. L. Pritchard, private com MI/ ideation. 

This simply means that nearly all the conductivity in 
the base is due to electrons. This will be a good approxi-
mation for material in which the resistivity is less than, 
30 ohm-cm. For this resistivity, PB= 6 X10" holes/cc at 

room temperature. 

CONCLUSIONS 

The equations for the p-n-p diffused-junction trans-
istors indicate that the current gain (a) is influenced 
principally by the diminuation factor (0) rather than 
the injection factor (-y). This is due to the relatively 
high-purity base material used in addition to the highly 
doped emitter and collector regions. 
The high-frequency response is influenced by the life-

time of holes in the base region as well as the width of 
the base region itself. For grounded emitter uses, the 
lifetime is the predominant influence on the frequency 
cutoff, while for other uses, the base-region width plays 
much more important part. a 
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LIST OF SVNIIIOLS 

Hole density (carriers/cc) in emitter, base, - 
collector region under thermal equilibrium. 
Same as above but for electron densities. 
Diffusion constants for holes and electrons 
(cm2/sec). 
Mobility of holes (1700 cm/s/volt/cm). 
Mobility of electrons (3600 cm/s/volt/cm.) 
Charge on carriers (1.6 X10-19  coulomb). 
Emitter and collector current density (amp/ 
cm2)• 
Lifetime of minority carriers (holes) in base 
region (sec). 
Lifetime of minority carriers (electrons) in 
emitter region (sec). 
Diffusion length of holes in base and elec-
trons in emitter (cm). 
Angular frequency (radians/sec). 
Cutoff frequency of (a) (radians/sec). 
Cutoff frequency of (a/1_— a) (radians/sec). 
Width of base region (cm). 
)istance along axis at which the emitter and 
collector junctions are located. 
DC bias voltage On emitter and collector ! 
(volts). 
I Wfusion potential. 
Conductivity of base region (ohm-cm) -'. 
Conductivity of intrinsic germanium (ohm- • 
cm)-1 . 
Diminuation factor. 
Injection fact( )r. 
Current gain factor. 
Electron densit V. 
Hole densit y. 

C YD 
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Effect of Electrode Spacing on the Equivalent Base 
Resistance of Point-Contact Transistors* 

L. B. VALDESt, ASSOCIATE, IRE 

Summary—A theoretical expression for the equivalent base re-
sistance r of point-contact transistors is derived here. This expres-
sion is shown to check experimental values reasonably well if the 
severity of some assumptions made for purposes of analysis is con-
sidered. Electrode spacing, germanium-slice thickness, and re-
sistivity of the semiconductor are shown to be the ploperties that 
affect r primarily. 

STATEMENT OF THE PROBLEM 

ADESIGN THEORY for point-contact transistors 
relates the functions performed by the devices 
(amplification, switching properties, and so on) 

to the structure of the devices (resistivity of the ger-
manium, minority carrier lifetime, electrode spacing, 
and so on). The functions performed by transistors are 
hest described by the electrical characteristics of the 
device, which are partly expressible. in the form of an 
equivalent circuit for the small signal (linear) properties 
at fixed bias conditions. Therefore, a relation that ex-
presses the equivalent base resistance of point-contact 
transistors in terms of the spacing between the emitter 
and collector electrodes and of the resistivity of the 
germanium material is part of the design theory. It is 
the purpose of this paper to derive such a relation and 
to show partial agreement of experimental results with 
the theory. 

I ETHOD 

The small signal equivalent circuit for point-contact 
transistors is shown in Fig. 1. This is a T-equivalent for 
an active four-terminal network,' and the base re-

Cie 

/ E  r'e  C 

Ve ? rb 

I 0 is o c•••• 

Fig. 1- -Transistor equivalent circuit. 

e sistance rb is actually the open-circuit feedback resist-

s ance R12. By definition, 

are 

al,  1, = constant, (1) 

Iwhere Ve is the total voltage on the emitter, ic is the total 
collector current, and i,, is the total current through the 

i emitter. At a fixed dc bias condition, rb can be measured 

1 • Decimal classification: 1(282.12. Original manuscript received 
by the Institute, August 11, 1952. 
f Bell Telephone Laboratories, Murray Hill, N. J. 
1 L. C. Petersen, "Equivalent circuits of linear active four-

terminal networks," Bell Sys. Tech. Jour., vol. 27, no. 4, pp. 593-622; 
October, 1948. 

lc 

by introducing a known small alternating current of 
amplitude Ic into the collector and measuring the alter-
nating voltage V. at the emitter when the emitter is 
essentially floating for alternating currents, the alter-
nating emitter current /, being zero The base resistance 
is then 

Ve 
rb = — • 

IC 

This base resistance in a transistor represents the 
resistance in that part of the semiconductor which lies 
approximately between the emitter and the bottom sur-
face or base of the semiconductor. The resistance in the 
material around the collector electrode which extends 
as far as the emitter is not part of rb. Also, the spreading 
resistance at the contact point of the emitter electrode 
does not appear as rb, but any resistance between the 
semiconductor and the large area metallic base contact 
or in the base lead is part of the base resistance. 
Since rb has been defined in terms of small alternating 

signals, the direct-current flow does not have to be 
considered in the analysis. In practice the value of rb 
depends on the bias conditions because of phenomena 
such as modulation of the conductivity of the germani-
um by the injection of minority carriers by the emitter. 
However, such effects will be neglected for purposes of 
analysis and the alternating-current flow lines will be 
assumed to be as in Fig. 2. The rms values of voltages 
and currents indicated in the figure are for illustrative 
purposes only. 

COLLECTOR 

EMITTER 
V 

BASE 
1;A  IcA  

30V20V by 

Fig. 2—Alternating-current flow lines in a die. 

OV 

(2) 

ASSUMPTIONS 

The analytical solution for the equivalent base re-
sistance at low frequencies can be obtained more read-
ily if the following assumptions are made regarding the 
model: 

1. The feedback is produced by the voltage developed 
by the collector current in flowing through the 
finite resistivity of the base region. 
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2. The sides of the germanium die are far from the 
electrodes and the effect of the sides can be 
neglected. This reduces the number of boundary 
conditions, and it will be shown later that the 
substitution of a slice for the die is a good as-
sumption because the emitter and collector elec-
trodes are generally far from the sides of the die. 

3. The top surface and base of the germanium slice 
are parallel to each other. 

4. Cylindrical symmetry for current flow exists about 
a line normal to the base and passing through the 
center of the collector region. 

5. The collector barrier is hemispherical in shape 
and always smaller in radius ro than the electrode 
spacing and very much smaller than the slice 
thickness. 

6. The emitter potential is the true floating potential 
of the point where the electrode contacts the ger-
manium and the diameter of the contact area is 
very small compared to the electrode spacing. 

7. The effect of widening of the space-charge layer 
of the collector junction is neglected.' 

8. The resistivity p of the germanium is uniform 
throughout the area of interest. 

9. Only drift current is considered in the analysis; 
diffusion is assumed negligible. 

10. Conductivity modulation produced by minority 
carrier injection can be neglected. 

11. The resistance of the base contact between the 
germanium and the base metal is negligible. 

ANALYSIS 

To solve for the ohmic (majority carrier) current flow 
in a model, such as shown in Fig. 2, only two basic 
equations are needed. These are the continuity and the 
conductivity equations. 

v.7 = o (3) 

and 

=  (4) 

where 

7 = current density, 
= conductivity = 1/p, 

E=electric field. 

When these two equations are combined and the elec-
tric potential is introduced, Laplace's equation is ob-
tained as shown. 

V • crE = crV•E = — al7217 = 0 

or 

(5) 

= 0, (6) 

where V is the potential at any point in the semicon-
ductor. 
The general solution of Laplace's equation will have 

to fit the boundary conditions outlined in Fig. 3 and n m. —te 

derived from the list of assumptions. For convenience 
the origin of the system of Cartesian co-ordinates 
chosen to coincide with the center of the collector 
formed area at the surface of the germanium. The z-axii 
is taken normal to the surface of the germanium. Sinct. 
the slice is of width w, the z = —w plane corresponds tt 
the conducting base contact of the germanium. Thd 
emitter electrode  makes contact with the semi.' 
conductor at the z =0 plane (top surface), a distance 
away from the collector. 

EMITTER , 

TOR SURFACE 

Av 
—eZ  -0 AT Z- 0 

COL L EC TOR 
PORMED 
PEG,ON 

Z 

\ 4 

X CO ORDINATE 
TrwARDS 

e-- ;  

READER 

V.FeCONSTANT 

AT -  Xa+ Ye+ Za 

GERMANIUM SLICE 

BASE 

Fig. 3—Geometrical boundary conditions. 

The top surface of the semiconductor is nonconduct-
ing (or reflecting) and the vertical electric field must be 
zero. Therefore, 

ay 
—  = 0 at a = 0, 
Oz 

x 2 ±  y2 >  ro2. 
(7) 

At the bottom surface the germanium is assumed to be 
in contact with a much more conductive material so 
that all the current flow is into the base plane and nor-
mal to the base. It follows that 

av 
—  = 0 and 
Ox 

0 V 
—  = 0 
ay 

at z = — w.  (8) 

The collector barrier is hermispherical and of radius 
ro. Within the region r <ro are included the region of 
p-type material produced in an n-type semiconductor 
by forming' and the space-charge layer associated with 
the collector junction. All current flow is assumed radial 
at r =ro so that a constant potential (not the true 
collector potential) must exist at that position. There-
fore, 

= V,' at r = ro = .Vx2 + y2 

where the potential V is measured with reference to 

11 = 0 at z = — w. 

(9) 

(10) 

RESULTS 

The solution of Laplace's equation for the model de-
scribed is obtained by the method of images to be 

E (-1) n 1  
27r Vx2 y 2 ±  (Z  2nw) 2 

(11) 

J. M. Early, "Effects of space charge widening in junction 
transistors," PROC. I.R.E., vol. 40, pp. 1401-1407; this issue. 

L. B. Valdes. "Transistor -form ing effects  in n-type  germanium," 
PROC. I.R.E., vol. 40, pp. 445-448; April, 1952. 
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See Appendix I for details of the solution. The floating 
potential V. at the emitter electrode is given by (11) 
as 

V. = V at s = N/x2 + y2, z = 0.  (12) 

From (2) the equivalent base resistance rb of a point-
contact transistor is 

p 
rb = E (-1) 

1 

27 N/s2 (2nw)2 
(13) 

where 

rb =equivalent base resistance in ohms, 
p= resistivity of the germanium in ohm-cm, 
s =electrode spacing in cm, 
w = thickness of the slice in cm. 

This result is in the form of an infinite series which 
has been summed for values of s/w between 0.01 and 1.0. 
Equation (13) may then be rewritten in the form of 

002 

p ,( --)s rb = —  , 
27s w 

005 02 05 

(14) 

I 0 

Fig. 4 —Function for r6 calculation. 

where the function F(s1w) is the result of summing the 
series and is plotted in Fig. 4. This function is 

F(s/w) = 1.00  (15) 

at values of s/w <0.01. 
By considering only the first few terms in the series 

expansion it is possible to derive an expression for rb, 
which is within 1 per cent of the true solution at s/w = 1 
and even more exact at smaller values of s/w. See Ap-
pendix II for details. It would therefore be adequate to 
consider that for all practical cases at s/w <1.0, 

= —P [i —  0.693 --s 0.113 (—)]3 , 
2rs 

where the symbols remain as defined for (13). 

EXPERIMENTAL RESULTS 

An experimental check of (13) has been obtained 
using a slice of 8.0 ohm-cm material from a single 

rb (16) 
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crystal germanium.4 The procedure followed was that of 
preparing the slice in the same manner as though it 
were to be used for device fabrication, placing the two 
transistor electrodes on the surface of the slice, and 
making a transistor by forming the collector electrode 
in the same manner as would be done in a point-contact 
transistor such as Bell Telephone Laboratories Type 
M1768. Prior to forming, the equivalent base resistance 
was measured at bias conditions of 0.3 ma emitter direct 
current and —30 collector volts with respect to the base. 
This reading is referred to as preforming rb(0.3, —30). 
After forming, the transistor base resistance rb(1.5, —5) 
was measured. Here, again, the numbers in parenthesis 
designate the bias conditions, /.= 1.5 ma and II, = —5 
volts. These two bias conditions were selected in order 
to correlate results with other available data. 
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rb(i 5,- 
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0 I 2 3  4  5 

ELECTRODE SPACING - INCHES X lo-3  

Fig. 5— Experi mental results. 

In this manner, measurements of preforming rb(0.3, 
—30) and postforming rb(1.5, —5) were obtained four 
times for each of the electrode spacings of 0.002 inch, 
0.003 inch, 0.004 inch, and 0.005 inch. This data was 
treated statistically, and the 90-per cent confidence 
limits were calculated for the preforming and post-
forming base resistance for each of the four electrode 
spacings. These are the limits within which there is a 
90-per cent probability that the true value of rb will lie. 
Experimental data are plotted in Fig. 5 together 
with a curve obtained from (14) and Fig. 4 when p=8 
ohm-cm, w = 0.051 cm (0.020 inch), and s is expressed 
in inches X10-3. This calculated curve should, in theory, 
agree with values of both rb(0.3, —30) and rb(1.5, —5). 

4 G. K. Teal, M. Sparks, and E. Buehler, "Single-crystal german-

iu m," PROC. I.R.E., vol. 40, pp. 906-909; August, 1952. 
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EVALUATION OF RESULTS 

It may be said that agreement between theor‘ and 
experiment is good if the assumptions that were made 
to simplify the analysis are considered. After forming, 
the value of rb(1.5, —5) is definitely higher than pre-
dicted by the formula, especially at close spacings. 
This may indicate that forming effects, such as traps or 
thermium (thermal conversion of the germanium be-
cause of heating while forming), extend be\ ond the 
emitter, that the geometry of the collector barrier is 
very different from the assumed spherical barrier, that 
conductivity modulation is affecting the measured 
values, or that widening of the space-charge region of 
the collector junction is important. 

Lack of symmetry about the z-axis, such as might be 
the case if a large percentage of the collector alteru.eting 
current flowed towards the emitter, can effect ivelv in-
crease the value of rb. This asymmetry could lie caused 
by an irregular collector barrier produced by forming 
which might be leaning towards the emitter side. It can 
also be caused by nonuniform conductivity modulation. 
Most of the minority carriers injected by the emitter 
flow towards the collector directly and reduce the re-
sistivity of the material between emitter and collector 
while leaving the resistivity of the rest of the bulk 
germanium essentially unaffected. This causes an in-
crease in rb which will be more noticeable at close spac-
ings, when the minority carriers flow more directly 
between electrodes and do not spread out as much 
throughout the semiconductor. Vniform modulatiem of 
the conductivity of the whole die or slice would tend 
to make the base resistance lower. 
The errors introduced by conductivity modulation 

should be smaller in the preforming case, rb(0.3, — 30), 
because the emitter bias at the point of measurement is 
smaller. Also, prior to forming, it might be expected 
that the focusing drift field towards the collector would 
be smaller and injected minority carriers spread out 
more. The fact that this experiment can approximately 
explain rb by bulk conductivity phenomena only is an 
argument against surface leakage playing a major part, 
at least in the preforming case. 
The expression for rb presented in (13) was derived 

for the case of a slice and the experimental result was 
obtained for a slice. I lowever, it is possible to argue in-
tuitively that the error introduced by applying the 
same equation to transistor dice is small. 
A typical transistor die may have a thickness of 

0.020 inch and be 0.060 inch X0.060 inch in size and 
the electrode spacing may be 0.003 inch. The die has 
side boundaries approximately 0.030 inch from the 
electrodes; an exact analytical solution would therefore 
have an infinite series of terms with respect to each of 
the three co-ordinate axes, whereas the slice solution 
only has one series of terms in s. This amounts to saying 
that only the zero-order terms in x and y are used in a 
slice or that in a die the material extends only to 
x= + 0.030 inch and y= +0.030 inch and more terms 
are needed to take into account the other boundaries. 

The error introduced iiedecting the effect III the 
side beiiiiidal if, of a die, sin ii.is inild  be the case if 
(14) ()I 16 are used for checl;ing measurements on 
(lice, call hu  !hal  till •••••iii .s x 

a wl y alt  hi Aphieixiniatel  the same lorm as the series 
ill s. ‘vh,• 11 i lit th\%er lionnelary is at r. - 0.030 inch, 
the (um  lor s, 'w =0.1. Sittut• 

=I for a seiiii-intinite volume, the error (it negle tine 
the lower boundary is 7 per An d  if 

timaied that lieglectin the side boundarie s IlitFolitil 's 
ail el I hi- not much gre m 1 litii  10 pr ciii tor the 
assumed geonictr. Sine e• the anal\ lie al lotimila 
not iii some I ases I heck experimental results it tlii.ihll\ 

due to the other assumptions made for purposes oi 
.inalsis, it is justifiable to use it for dice as well as tor 
she es ot a uniform-resistivit  semiconductor. 

xtit SiU NS 

'File formula for the equivalent base resistance of 
transistors given in (16) is a useful approximation for 
many of the cases encountered in practice. Because 
sonic of the assumptions that were made to simplify 
the analysis .ire not met in practice, the formula will 
give lower than actual values of base resistance at small 
electrode spacings. Nevertheless, this formula should be 
considered a useful design tool in the development of 
new point-contact transistor types, and also aids in 
understandine transistor phenomena. 
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APPENDIX I 

Solution of Laplace's Equation for Current Flow in it 
Semiconductor Between a Point and a Plane 

This appendix shows the solution of Laplace's equa-
tion with the bOillIdary  Ci militions  shown in Fig. 3. 
Laplace's equation expressed in spherical co-ordinates is 

) I 0 (r.2 a 1- \ + I 0 ( 0 r v2 r = sin 0 
r' ,..in n on - r2 Or \ Or I 00 

I ip 1- 
+ --- . • -- - -- 0. , 17 , 
r2 sin 0 002 

The 0=0 axis call be made to correspond to the z-axis, 
and then the assumption that symmetry exists about 
the s-axis is equivalent to 

ar oq-
- = o and • — = 0. ( IS) 002  

Rather than solving Laplace's equation for the speci-
fied boundary conditions, it is simpler to solve the 



I1952  Valdes: Electrode Spacing and Equivalent Base Resistance of Point-Contact Transistors 1433 

problem using the method of images. Fig. 6 shows the 
location of a few of the images with respect to the 
germanium slice and the collector current source +1 
at z = O. An infinite number of images is required be-
cause there are two plane boundaries parallel to each 
other that must be satisfied. This can be illustrated best 
after solving for the case of a single-current source. 

• 10 Z • 4 W 

-1 02=.2 W 

-1 02=-2 w 

..—TOP SURFACE 

GERMANIUM 

BASE 

+10z=-4w 

Fig. 6—Location of some images used in analysis. 

With a single isolated current source, pc.rfect spheri-
cal symmetry exists and 

r 
= 0 (19) 

00 

so that Laplace's equ.ii ion reduces to 

(r = (20) 

To solve this equation it is assumed that I is the current 
entering half of the infinite volume of material and that 

the potential V is zero at infinity. 
The result of integrating with respect to r is that 

1. 

a r 
7.2 = CI = constant. 
Or 

(21) 

This constant can be evaluated from a knowledge of the 
electric field E' at r = ro. It is known that 

V 
=  = — 

Or 
(22) 

where J is the current density. With a given current 1 
coming out of the current source the current density J' 

at r =ro can be evaluated as 

Area  270.02 

where the surface area of a hemisphere instead of a 
whole sphere has been used because it is desired to keep 
as the current flowing into a semi-infinite volume of 

material. This is done so that the current I may later 
equal the collector current f in a slice. Therefore, 

av PI 
=  = ro2rp = — — (24) 

Or  27r 

(23) 

and 

al/  pl 
2 _ r —  — — — 
Or 27r 

Equation (25) can be integrated to obtain 

p1 =  C21 
2.7rr 

(25) 

(26) 

where C2 is a constant which must equal zero in order to 

have 

= 0 as r 

This expression ior potential can be stated in Car-
tesian co-ordinates as follows: 

pI   131   
= 
2rr 27r/x2 y2 ± Z2 

(27) 

The field along each of the co-ordinate axes is given by 
differentiation as 

a V  pi 
=  X(X2 ±  y2 +  z2)-312 

Oa:  2r 

av  pI _ =  y(x2 ± y 2 +  Z 2 )  -3/2 

aY  2r 

0-17 pI 
z(x2 ± y2 ±  2)_3/22,  

Oz  27 

(28) 

(29) 

(30) 

The co-ordinate system used in the above equations has 
the origin at the center of the current source. When 
finding the field due to an image, the co-ordinate system 
must be translated in position. 
The boundary conditions of interest are 

and 

av 
—  = 0 
az 

av 
— = 0 
Ox 

at z = 0, 

and 
av 
ay 

x2 ± y2 > ro2 (7) 

0 at z = — w.  (8) 

In order to have the vertical field zero, as required by 
(7), any images used in the solution must be in pairs of 
equal sign and equal distances away from the z = 0 
plane. This is obvious from an examination of (30). 
The boundary condition at the base (8), requires an 
equal number of images on both sides of the z= —w 
plane. However, it is observed from (28) and (29)that 
for the horizontal field to be zero at any arbitrary value 
of x and y the images placed must be at equal distances 
away from the base and of equal but opposite sign. 
With the principles enumerated above and the aid 

of Fig. 6, it is possible to show that an infinite number 
of images is needed to solve the problem adequately. 
The original current source + I exists at z =0. To satisfy 
the boundary conditions at the base, z =  an image 
of magnitude — I must be placed at z= —2w. This 
image produces a vertical component of field at z =0 
that must be compensated by another — I image at 

f 
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z= -I-2w. The last image destroys the symmetry in 
number about the z= —w plane and requires a +1 
image at z= —4w. Such process continues and the 
reason for an infinite number is that it is impossible to 
have an equal number of current sources on both sides 
of two parallel planes and equal distances away from 
the planes when the number is finite. 
The boundary conditions at r =ro expressed by (9) 

are met by the original current source which has the 
desired shape for a hemispherical collector barrier. The 
field of the images is balanced and zero at z =0 so that 
if ro<<w the field due to the images at z= —ro can be 
neglected and (9) is satisfied. 
Equation (27) expresses the potential due to each 

current source when the origin of the co-ordinate sys-
tem is shifted. For an array of current sources along the 
z-axis of magnitude I and alternating sign, spaced at 
intervals 2w, the potential in the semiconductor can 
be expressed by means of the principle of superposition 
as 

1  
V = E (-1).—    (31) 

Vx2 y'  (2nw  r,)2 

This equation appears in the text with I, substituted 
for I as (11). The trick of dividing by the area of a 
hemisphere instead of a sphere in (23) makes I and h 
equal. 

APPENDIX II 

Derivation of an Approximate Expression for Base Re-
sistance 

The exact expression for rb given in (13) can be 
written as 

rb = 
n=20 

23 -1  +  2E 
2r4  s ( 1)" Vs" + 1(2nw)2] 

For an approximate solution it is enough to consider 
only the first two terms of this expansion. When (35) 
is substituted into (34), the following is obtained: 

or 

S (2-) (— 1)n  11 — 1 (2. 4 1  (36) 
\W /  W L 2 \2nw  J 

— — E (-1)̂  1 s ) 2.  (37) 
W 2n k2nw 

The series expansion for the natural logarithm of 2 is 

In 2 = — 1)"  = 0.693  (38) 
tt.1  n 

so that the first term in (37) can be expressed as a 
logarithm by means of (38). The second term can also 
be evaluated in a somewhat more complicated manner. 
To a first approximation. 

n-z S )2  5 2  n=o 

— E (-1)" 
W n-1 2n (2nw  = E W3 n•=1  8n3 

5 2 ( 1 
—  —  — 1 \ s2 (-7) 
W 3 8  8(2) 31  w3 64 (39) 

This expansion has been evaluated more accurately,' 
and the correct value is 

E (—On 1 = 0.113. 
n-1 8n3 

(40) 

Equations (38), (39), and (40), when substituted into 
(32 ) (37), result in 

For simplicity, call the summation term S(s/u) and 
define 

S(—s) 1  = 2 (-1)n   (33) 
-0 2 (2nw) 2 

This term can then be put in the form of 

s(:)= (—on 
1 

W  71=1 nu. 

1 
s v 

I/1 (-2nw 

(34) 

which is useful because s/2nw<<1, particularly as n in-
creases. 
The expression under the square-root radical can be 

expanded as 

—1/2 

2n[  1 1- (i: J  ]2  w = 1 )2 

1.3( s )4 1.3.5 s 
-I- • • • (35) 

+ 2.4 k2nw 2-4.6 k2nw 

s' S( s)  1 —  = — 0.693 — -I- 0.113 — • (41) 
W  W  W 3 

From (32), (33), and (41) the approximate expression' R 
is obtained as 

rb  2irs [1 — 0.693 — -I- 0.113 (-- S 3 )  (42) 

At s/w =1 this expression gives 

rb =  —  0.42, 
2r 

whereas the exact expression is 

rb =  -- 0.418. 
2r 

(43) 

(44) 

For smaller values of s/w the result obtained from (42) 
is even more accurate. 

g A. Uhlir, personal communication. 
I This expression was first suggested by R. M. Ryder. 
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Transistor Operation: Stabilization of Operating Points* 
RICHARD F. SHEM, SENIOR MEMBER, IRE 

Summary—This paper treats the problem of supplying emitter 
.nd collector bias currents to a transistor amplifier, and derives the 
nathematical relationship between the values of resistors and volt-
ges required and the desired operating points, in order to achieve a 
lesired degree of stability of these operating points. 

I. INTRODUCTION 

/N THE utilization of transistors, one of the major problems is that of supplying relatively constant 
current to the various elements. In the case of the 

unction transistor, the problem is further complicated 
)3T the fact that operation is feasible at very low volt-
tges and currents; hence, it is desirable to make the 
;reatest possible use of this potential efficiency. 
Working against this is the effect of variation of the 
:ollector current at zero emitter current, both between 
Efferent units and with temperature in any one unit. 
This variation with temperature may be as high as ten 
.:o,one, and with some circuit configurations may pro-
luce a variation of this order of magnitude in collector 
:urrent. With resistance-coupled amplifiers this may re-
mit in the operating point shifting in such manner as to 
-naterially reduce the gain. In power amplifiers, the shift 
-nay produce an increase in internal heating, with the 
-esult that the process may be cumulative. 
This paper tries to derive the formulas governing the 

iependence of collector current on this zero-current 
value and to indicate the degree of stabilization attain-
able with moderate increase in power dissipation. 

..re 

rtg 

I 

Fig. I 

1. 

II. SINGLE-BATTERY OPERATION 

The circuit of Fig. 1 shows a transistor with one bat-
tery of voltage E and resistors RI, R2, and R3 regulating 
the currents to emitter, collector, and base. RL is the 
dc resistance of the load. The direction of currents are 
assumed as shown by the arrows. We thus assume; 
1. V., the collector-base voltage, is maintained within 

* Decimal classification: R282.12. Original manuscript received 

IM
the Institute, February 7, 1952 ; revised manuscript received 
ay 29, 1952. 
t Electronics Laboratory, General Electric Co., Syracuse, N.Y. 

the region where it has negligible effect on collec-
tor current. 

2. The current amplification, a= (a.rdouvc, is con-
stant over the operating range. 

3. V., the emitter-base voltage, is zero. In most 
actual cases it will be less than 0.1 volt. 

If we solve the mesh equations for this circuit, we get 

(i + R1 + RI\  «E 

R2  Rgi  Rg 

IC — 

I. = 
a 

/co — /c(1 — a) 

Ib  

R1  R1 
1 — —  — 

R2  R3 

I. — Ito 

where /co is the collector current for I=0. 
By differentiating I,, with respect to ho 

stability factor S. 

S — 

R1 R1 
1+ — + —n  A  „ 2 A.3 

R1  R1 
1 —  

R2  R3 

we derive a 

•  (4) 

For stable operation, S should be as low as possible, 
consistent with reasonable values of E and of power 
dissipated in the stabilizing resistors. 
Expressing I. in terms of S, 

= — (S — 1).  (5) 
R3 

In the usual operation there is a desired operating 
point which dictates lie, the collector-base voltage, and 
I. For this desired operating point and the available 
supply E, we can calculate the values of the resistors for 
any desired value of S, or conversely, of S for any fixed 
set of resistance values. 

a(E — Va — Ra.)  
R1 = 

IC Ic0 

R2 = 

R3 = 

S — 1 

(1 — S  aS)(1, — Ito) (It — 5100)  

a(E — V0 — RLI.) 

E(S — 1) 

I. — sic.) 
'The total power supplied by E is 

(V. & L)(f° — No) 
Rd. = 

S — 1 

(6) 

, (7) 

(8) 

(9) 



1436 PROCEEDINGS OF THE I.R.E. 

Fig. 2 shows a series of curves illustrating the inter-
dependence of the above values. For these curves an 
operating point corresponding to 17,=5.0 volts and 
/c= 1.0 ma was chosen, for a transistor having a=0.9 
and I =0.05 ma. 

R. 

p. 
R; 

R, 

itc 

5,4 • • 

/R2 S • 4 

°3 5'4 

Ri _572 _ 
---- R., 5,2 

Fig. 2 

As an example of the use of these curves, let us take a 
grounded-emitter configuration with a minimum per-
missible loading of the base input circuit of 15,000 ohms 
(This loading is the net parallel resistance of R2 and R3.) 
Inspection of Fig. 2 shows that for R2 in parallel with 

/23 equal to 15,000 ohms a N oltage greatly in excess of 
10 volts is required for an S of 2; hence, this degree of 
stability can only be obtained at the expense of con-
siderable waste power. For S=4, however, a voltage 
E of 9.15 volts gives R2 = 27k, R3 =  R1=3,000, and 
Pdc = 14.6 mw. This indicates that 5 mw is dissipated 
in the transistor collector and 1 mw in the load resist-
ance, and 8.6 mw loss in Ro, R2, and R3 is required for 
the above degree of stabilization. In passing, it should 
be pointed out that without the stabilization resistors 
the S factor becomes 1/1—a or, in this example, 10; 
hence, we have improved our stability by a factor of 
21+1 at the above cost in power. 

III. SEPARATE EMITTER BIAS SUPPLY 

In Fig. 3 is shown an arrangement producing com-
paratively constant emitter current, but requiring a 
tapped battery or separate emitter supply. 

Equations for Ic, I., and lb and S, RI, R2, En E2, and 
Pd. are as follows: 

IC = 

I, = 

a 

R1 + R2 

R1 +  R2(1 —  a) 

1 
R1+ R2(1 — a) 

I, — Ico 

[/00(R1 -I- R2) + «Ed.  (10) 

(11) 
a 

/co — L(1 — a)  
(12) 

(13) 

= .5 (Iro  aE2 

SRI -I- R2 / 

—  — a)] 
— 

k. = 
Ei(S — 1) 

IC —  co 

= 1. + 1?1,1 - R2 
[I, 

11,1(1, — I,„) 
= E2Ie — 

a 

1 — a) — 

a 

November 

(14) 

(15) 

(16) 

17) 

(18) 

For comparison with the example previously given 
for the single battery circuit, we now have for the same 
operating conditions 

R2 = 15,000 ohms  and for S = 4. 

= 4.0r, 

1(1 = 3,000 ohms, 

E2 = 5 . 17v, 

= 9.39 mw. 

. o I 

E l 

Ib 

:111111  1 
Ez 

Fig. A 

From this it can be seen that the total Lattery volttge 
required is the same as before but that the power re-
quirement is less by about 5 mw. Therefore, we must 
pay for the privilege of using a single battery by either 
greater power dissipation or reduced stability. 
A caution regarding battery life is in order here. In 

deciding on the method of biasing the transistor, it 
must be borne in mind that the battery voltage will de-
crease with life, to some arbitrary end-of-life value, 
usually 50 to 75 per cent of the initial voltage. Unless 
the above computations are made for initial and ter-
minal voltages and satisfactory conditions set up at both 
extremes, it is possible to reach a condition of inopera-
tion at some time prior to normal end-of-life. This is 
particularly important where separate emitter and col-
lector batteries having different capacities are used. 
With different decay rates one can reach a condition 
where the net collector-to-base voltage drops to zero. 

IV. EFFECT OF EMITTER BIAS 

One of the assumptions originally made was that the 

emitter-base voltage was zero. In most cases this ap-
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roximation results in little error; however, as R1 ap-
.roaches zero, this will cause an appreciable error . In 
ost cases it has been noted that the dc emitter voltage 

; S approximately proportional to emitter current; con-
;equently, it may be considered that a minimum R1 
!xists in the emitter circuit, usually of the order of 100 
)hins. With high emitter current, however, the dc 
Initter resistance may drop considerably below this 
/able, and consequently it may be found desirable to 
nclude some value of external resistance in series with 
:he emitter to minimize current drift due to this effect. 
kn indication of adequate emitter resistance is the rapid 
;tabilization of collector current, which will achieve a 
;teadv value in a matter of less I h;in a minute; whereas 

with insufficient emitter resistance the current may in-
crease gradually for a considerable time, or even rise 
rapidly to excessive level, particularly at higher oper-

ating dissipations. 

V. CONCLUSION 

From the above equations and examples it is evident 
that either single- or dual-battery operation of tran-
sistors is feasible, the former at added cost in battery 
power, and that adequate stabilization against tempera-
ture drift by either means is achieved only at the ex-
pense of over-all efficiency, unless efficient constant-
current sources are developed. 

Oscilloscopic Display of Transistor Static 
Electrical Characteristics* 

N. GOLDEN -I' AND R. NIELSENt 

Summary—An oscilloscope capable of displaying transistor out-

nit families is described. Static electrical characteristics are dis-
ilayed in such a manner as to permit easy evaluation of alpha, "four-

)Ole" collector resistance and feedback resistance. 

I. INTRODUCTION 

A PPLICATION of transistors to practical use re-
quires a statement of the electrical nature of the 
transistor which is commonly made through 

,3tatic electrical characteristic curves. 
Point-by-point measurement of static characteristics 

is time-consuming and tedious. The usefulness of the 
3tatic characteristics is sufficient in application, and in 
production of transistors, so that development of a more 
rapid method of obtaining static characteristics was 
undertaken at Sylvania Electric Products, Inc. 
The equipment described below presents the output 

family curves on a calibrated oscilloscope in such a man-
ner as to permit rapid determination of significant tran-
sistor parameters. 

II. CURRENT BIASES FOR THE TRANSISTOR 

Electrical description of the transistor is accomplished 
through families of characteristic curves in a manner 
similar to the description of the vacuum tube. Four 
quantities must be related in describing the transistor 
;in static relationships. These four quantities (emitter !voltage and current and t ull ect or voltage and current) 
may be graphed in several manners, hut the uses to 
which the graphs are put determine the desirable plots. 
Design of the present equipment is aimed at three Itransistor parameters: (1) alpha, the negative of the 

. ratio of collector current to emitter current at constant 
Icollector voltage; (2) collector resistance (in the four-
pole transistor equivalent circuit); and (3) the four-pole 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 20, 1952. 
t Sylvania Electric Products, Inc., Woburn, Mass. 

feedback resistance. Graphs of V. versus I, and V, versus 
I, yield the desired quantities. Alpha and collector re-
sistance may be found on the plot of V. versus I., and 
the feedback resistance is the slope of the curve of V. 

versus I. 

—1 

— I 

hig. 1 Current-voltage plot for rectifying point contact. 

Similarity of vacuum-tube and transistor description 
may be extended through the concept of duality. Table 
I displays dual relationships of vacuum tube and tran-
sistor in small-signal analysis. It is apparent that cur-
rent in the transistor is the dual of minus the vacuum-
tube plate cathode voltage. 
Small-signal stability in the vacuum tube is obtained 

when input or output terminals are short circuited. 
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Duality continues to hold so that the transistor reveals 
itself stable for small-signal analysis with open-circuited 
terminals. This fact indicates the need of biasing sources 
with high internal impedance, for obtaining static char-
acteristic curves. An ideal current generator possesses 
infinite internal impedance; thus the equipment should 
operate with emitter and collector currents as deter-
mined by suitable current generators. 
A second factor indicating need of currents independ-

ently determined at emitter and collector is resultant of 
a semiconductor phenomenon. When extended to suf-
ficiently great potentials, a plot of current versus volt-
age for a semiconductor reveals a multivalued curve. 
Fig. 1 illustrates this characteristic wherein three values 
of current may exist at voltage V. Choosing current as 
an independent variable in the plot of the E-I character-
istic eliminates the difficulty of multiple values. 

III. CIRCUIT DESCRIPTION 

Fig. 2 is a block diagram of the curve tracer functions. 
No switching is shown for the scope calibrator. Switch 
Si permits display of 17. versus I, or V, versus I. 

EMITTER 
CURRENT 

BIAS GENERATOR 
V, ,V2 V3 V4 ) 

PARAMETRIC 

TRANSISTOR 

SW4EPT 
IC 

ve or V▪ c 

Fig. 2—Blocked diagram of curved tracer. 

rSYNCHRONIZING PULSE 
GENERATOR 
(V5) 

BLANKING 
PULSE 

COLLECTOR 
CURRENT 

BIAS GENERATOR 
(V,,V7,Ve I 

VOLTAGE 
PROPORTIONAL 

To  ic 

—  HOR 

OSCILLOSCOPE 

VERT. 

The curve tracer's fundamental function is sweeping 
collector current from zero to approximately 20 ma. By 
changing emitter bias currents during successive collec-
tor sweeps, a family of curves is obtained. Emitter bias 
current is' the parametric variable, then, for plots of V. 
versus I, and V, versus I. 
Successive collector sweeps and emitter biases are 

controlled in time by the synchronizer generator. Per-
sistence of vision and trace persistence on the oscillo-
scope puts a lower limit on the rate at which successive 
sweeps may occur. The present equipment utilizes a 
synchronizer generator frequency of approximately 
1,000 cps to display a group of 16 curves. 
The value of emitter current is controlled by four flip-

flop stages. Curves may be displayed between zero and 
1.5 ma in 0.1-ma steps, or zero and 3 ma in 0.2-ma steps 
to the emitter. 
Fig. 3 is the curve-tracer schematic circuit diagram. 

Tube Vs is a free-running multivibrator operating from 
ground to negative voltages on its plates. From one 
plate of Vs a trigger is coupled off to V1 the first of four 
flip-flop stages utilizing V1 through V4. Flip-flop plates 
operate between ground and positive 105 volts. 

With this value of plate voltage on an "off" flip-flop, 
a large resistor (relative) to the emitter terminal of a 
grounded-base transistor comprises a practical currenet 
generator. Successive flip-flop stages feed 0.1, 0.2, 0.4, 
and 0.8 ma to the emitter or double these values when 
S7 is thrown. Addition of these currents through the 
emitter terminal of the transistor yields successive bias 
currents of zero to 1.5 ma or zero to 3 ma. 
Connected directly to the plate of V6 one grid of 171 

alternately allows charge and discharge of capacitor C11. 
The sawtooth waveform thus derived is applied through 
a cathode follower utilizing the second half of I's to the 
collector current-sweep generator. Current generator, , 
composed of V7 and V b and associated components, sup-
.plies sweep current to transistor collector circuit. 
A pulse derived from V6 applied to the oscilloscope 

beam blanks the scope beam during the change of the • 
flip-flops and the collector sweep-current flyback. 
Switch S6 allows emitter current to be calibrated. This 
is accomplished by setting S7 through S4 to appropriate' 
positions and adjusting the variable resistors between 
flip-flop plates and emitter. Proper setting of S6 and Ss 
allows calibration of vertical- and horizontal-scope am-
plifiers. Two positions on S6 allow display of V. versus 
I, or V, versus L. 
As designed, the curve-tracer sweep-current genera-

tor can supply zero to 15 ma at voltages from zero to 200 : 
volts. These limits are ample for present point-contact 
transistors. With improvement in transistors to allow 
greater voltages, modification of the current generator 
will make available larger currents at higher voltage. 

IV. USE AND UTILITY 

The rapidity with which transistor static electrical 
characteristics are displayed is the curve tracer's only 
asset. It permits rapid comparison of individual transis-
tors with each other or some standard. An oscilloscope 
camera achieves permanent records of the characteristic 
curves. The result is a test equipment capable of rapid, 
accurate measurements of the fundamental transistor 
electrical characteristics. 

TABLE I 

VACUUM TUBE  -TRANSITOR DUAI.ITY 

VP 

I. 
V. 

— - VC 
—r. 
— V. 

Studies of the forming of point-contact transistors by 
electrical pulses have been facilitated by curve tracer. 
Rapid visualization of pulse effect is possible and has 
led to rapid definition of pulsing technique. 
In life-test studies, photographs of transistor curves 

before and after test permit evaluation of aging charac-
teristics with minimum time wasted on obtaining curves. 
The time and labor saved in this manner is of apprecia-
ble value during extensive life-test studies. 
As a production tool, the curve tracer is adapted to 

many needs other than its use in life tests, and proves 
to be of use at several steps in production process. 



CR I 

R3 

CR 4 

- 300 

C24 

I2AU7 VI 

R80 

300 

CR6  CR7 
R2  RIO 

R84 

12 AU7 V5 

R45  _L 
R46  7  R47  R48 

1. C16  CI7 

CR242  
2 

RI9  R50 

IC28 
R85 7 

3 

+ 300 

-300  C22 

R73 

R74 —500 

F(80 

R81 

550 

I2AU7 V2 ; 

CR9  CRIO 
+105 

CRI2  CR I3 

R78 _r C23 

METER MULTIPLIER RESISTOR 

I2AU7 v3 ! 

S3 
R3I 

0 

CIO 1R26 CR 
R28  17 

CR 18 R  CR 23 
  R32N I2AU7 V4  

R34 

CR 
19 

1.C13 

CR20 CR21 
+105 

R36 

R38  TCIS 

CI4 

R3 

R39 

R82 

57c 
C12 54 R40 

R4I  R42 

55 6 jI- SSC 

A 

s5d 8 

R43 

+300 

R35 

CR 
22 

R44 

R79 

570, 

R83 
+105 

TO FLIP FLOP 
PLATE CIRCUIT 

VR-I05  C26 

VIO 

®  TRANSISTOR 

TERMINALS 

S6a. 

— 0 

1 76 

C24 

INTENSIFIER 
OUTPUT TO SCOPE 

WESTON MOD. 301 
0— 1.5 Ma, 

Fig. 3—Schematic diagram of curved tracer. 

t  566 

 0 

0 

OUTPUT TO 
SCOPE 

DEFLECTION 
AMPLIFIERS 



1440  PROCEEDINGS OF THE Novem be, 

On the Theory of Noise in P-.\ jilliction and 
Related Devices* 
RICHARD L. l'FFRITZt 

Summary—A discussion of possible sources of noise in p-n junc-
tions is given. The sources are classified into two groups, the first 
group constituting noise resulting from fluctuations inherent in the 
electronic system of a p-n junction, the second group constituting 
noise caused by a fluctuating quantity which exerts a control over 
the average flow of current. Noise of the first group is investigated, 
and it is shown to be a result of concentration fluctuations of the 
minority carrier. The model used for a p-n junction is characterized 
by a distribution of localized energy states for the minority carrier 
in addition to the valence and conduction-band states. The local 
concentration of the minority carrier, p(x, t), fluctuates by body and 
surface recombination and by diffusion current flow. Fluctuations in 
p(x, t) constitute an infinite-dimensional random process. A portion 
of the paper is devoted to reducing the problem to one in a finite 
number of variables while retaining the physical features of a p-n 
junction over the frequency range 0--.1/2/rrP. A noise theory is de-
veloped on the basis of the resulting lumped parameter description 
of a p-n junction. The results of the noise theory are summarized in 
an equivalent circuit and an appropriate noise generator. Noise char-
acteristics of p-n junction rectifiers and transistors are analyzed. The 
available noise power of a p-n rectifier is voltage dependent, the 
equation resembling that of Weisskopf for point-contact rectifiers. 
The noise figures of p-n transistors are found to be of the order of 
unity (zero db) and independent of size and current density. A com-
parison of point-contact and p-n rectifiers and transistors is made, 
the Weisskopf noise formula being used for the point-contact devices. 
A relation between the noise spectrum and the admittance of a p-n 
junction is obtained. The mean lifetime, 7,, of the minority carrier 
characterizes the spectrum. The 1/f spectrum is not obtained. It is 
concluded that noise resulting from fluctuations inherent in the elec-
tronic systems of p-n and point-contact rectifiers and transistors 
constitute only a part of the measured noise; another source of noise 
of class II is required to account for, one, the noise figures of p-n and 
point-contact transistors being appreciably greater than unity, two, 
the large difference between noise figures of p-n and point-contact 
transistors, and three, the 1 /f portion of the measured noise. 

I. INTRODUCTORY REMARKS AND A SURVEY OF 
PREVIOUS-NO1SE INVESTIGATIONS 

NyouisT, HAS PROVED that the mean-square 
voltage fluctuation in a frequency interval f, f 
-l-Af appearing at the terminals of a resistive de-

vice in thermal equilibrium is 4kTRAf, where k is Boltz-
mann's constant, T is the absolute temperature, and R is 
the resistance. Nyquist's derivation is made by the use 
of statistical mechanics and thermodynamics and is in-
dependent of the atomic model of the resistance. This 
formula has been experimentally' verified over all fre-
quencies that are accessible to electronic measurement 
technique. The high-frequency form of this equation is 
still open to question,' but does not concern us in this 
paper. 
When steady currents flow through metals, semicon-

* Decimal classification: R282.12. Original manuscript received 
by the Institute, August 28, 1952. 
t U. S. Naval Ordnance Laboratory, White Oak, Silver Spring 19, 

Md. and Catholic University of America, Washington, D. C. 

ductors, and relat(41 devices, Nyquist's law need not 
hold aml experiments' indicite appreciable deviations 
from it in semiconductors, rectifiers, and the like. Metal-
1k rc,ki,•rs .!clierally show no appreciable deviations 
(rum the \ quit law in the region of Ohm's law. An cx-
cei)tiOi i iii- is thin metallic films, a study of which 

is all important chapter in the history 
of invest i ii ulis of noise under nonthermal equilihrium 
comlitions. 
\(iise in hulk semiconductors, rectifiers, and tran-

sist,ws has, \l hen a steady current flows, the following 
gild I it ttiye characteristics: 
1. The noise power per frequency interval af 

creases over the Nyquist value. The increase is gen-
erally, although not always, proportional to the square 'I 
of the average current. A more precise statement of this 
is that the excess noise power increases as the square of 
the current, the excess noise being defined by subtract-
ing the Nyquist noise power from the measured noise 
power. 

2. The spectrum is no longer flat, but increases to-
wards lower frequencies. The increase is described by a 
1/fx law, where K is approximately one. We will use the 
expression, "the I fl law," to categorically describe this 
spectrum. 
3. The excess nuke is not strongly temperature de-

pendent. 
• 4. While the characteristics (1-3) are exhibited by 
point-contact and p-n junction rectifiers and transis-
tors, a point-contact device is considerably noisier than 
the corresponding p-n junction device. Point-contact 
transistors have, for example, a noise figure of about 60 
db, while the noise figure of p-n junction transistors is 
10-20 db. 

There have been two general approaches to explaining 
the noise characteristics of metals, semiconductors, and 
related devices in nonequilibrittm situations. One ap-
proach has been to relate the noise to fluctuations in-
herent in the electronic system of the component. We 
shall call these class I fluctuations. The second approach 
has been to relate the noise to a fluctuating quantity 

which modulates the average flow of current. We shall 
call these class II fluctuations. 
Before going on we will define what we mean by the  • 

electronic system of metals and semiconductors. In the 
free electron theory of solids, metals and semiconductors 
can be considered to be composed of two thermody-
namic systems—the electronic system and the lattice 
system. The electronic system is basically that system 
of energy levels, electrons, and holes that we are accus- , 
tomed to using in studying electronic properties of met-
als and semiconductors. The state of the electronic sys-
tem is defined by stating the distribution of electrons 
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and holes over the electronic energy states. At thermal 
equilibrium this distribution is given by the Fermi-
Dirac function. 
The lattice system is that part of a solid concerned 

primarily with such things as structure, lattice vibra-
• tions, and the like. It plays a relatively minor role in 
certain electronic properties, such as the electronic spe-
cific heat; but in others, such as the electrical resistance, 
it is of considerable importance. 
) Going back to noise, one general approach to studying 
noise in metals, semiconductors, and related devices has 
been to examine fluctuations inherent in the electronic 
system itself. We use the word inherent because fluc-
tuations must occur in all thermodynamic systems. In 
the case of the electronic system of metals and semicon-
ductors these fluctuations are principally velocity fluc-
tuations of the charge carriers and fluctuations in the 
number of charge carriers. These can be lumped under 
the general description of fluctuations in the distribution 
'Df electrons and holes over the electronic energy states. 
It is convenient to separate them because in a scattering 
process a particle's velocity is changed (that is, it moves 
to a different momentum state); but the number of elec-
trons and holes in the conducting state is not changed. 
When an electron and hole recombine, the number of 
:harge carriers is changed. "Ishe calculation of the tran-
sition probabilities for scattering and recombination 
processes is a quantum mechanical problem, and we 
shall not be concerned with this here. Since the electrical 
resistance is closely related to these same transition 
probabilities, it is perhaps not surprising that noise re-
sulting from fluctuations in the electronic system can 
Involve the electrical resistance. In fact, when thermal 
2quilibriu m exists, this noise must reduce to the Ny-
*list formula. In the case of metals and bulk semicon-
ductors the Nyquist noise is related to velocity fluctua-
tions of the charge carriers. This is not always the case 
though; we shall show in this paper that, for example, 
the Nyquist law is related to concentration fluctuations 
Df the minority carrier in p-n junctions. We will discuss 
this point in more detail later in the paper. 
Weisskopf6 has suggested using the term "shot noise" 

for noise associated with fluctuations of the type dis-
cussed above. Because this term is so well identified 
with a particular type of electronic noise, we shall use 
instead the term "electronic noise" to designate noise 
associated with fluctuations inherent in the electronic 
system of metals, semiconductors, and related devices. 
A natural starting point for theoretical studies of 

noise in metals, semiconductors, and related devices is 
to fully investigate "electronic noise." This has been 
done by a number of people, and it seems worth while 
to briefly survey these efforts, particularly since it helps 
one to understand why the second broad class of theo-
ries have been developed. 
A kinetic theory of the Nyquist relation has been 

given by Weisskopr and Bakker and Heller' for bulk 
metals and semiconductors. They show that it is di-
rectly related to velocity fluctuations of the charge car-

riers. 
' • 

The noise caused by fluctuations in the number of 
charge carriers has been investigated by Bernamont5 
and others,9 principally in an effort to explain the 1/f 
law. Bernamont first proposed this as the source of the 
current dependent noise in thin metallic films. The first 
application of this idea to semiconductors was appar-
ently made by Davydov and Gurevich.g 
It is shown in the papers of footnote references 5 and 

8 that the power spectrum obtained from a recombina-
tion process with a single mean lifetime is of the form 
[1/1-1-(cor)2]. This does not fit a 1/f law over any ap-
preciable frequency range. The idea of superimposing 
spectra of the [1/1 +(cor)21 type using a distribution of 
lifetimes seems to have occurred independently to a 
number of investigators." The first to have done this is 
again Bernamont.5 A 1/f law can be approximated over 
a large frequency interval if a sufficiently large distribu-
tion of lifetimes is used. A serious difficulty with this 
procedure is that the 1/f law extends to very low fre-
quencies; in fact, the measurements of Montgomery9 in-
dicate no deviation from it at 1/10 cps. This makes it 
necessary to introduce very long lifetimes in the distri-
bution, and arguments for such long electronic lifetimes 
have not been given. 
Schottky's" theory of the "shot effect" in vacuum 

tubes and Weisskoprse theory of a "shot-effect" noise in 
point-contact rectifiers are important studies of "elec-
tronic noise." 
The difficulty of explaining the 1/f law at low fre-

quencies on the basis of electronic fluctuations is one of 
the reasons that a second broad attack on the problem 
of nonthermal equilibrium noise has developed. This 
second approach has been to relate the noise to a fluc-
tuating quantity which exerts a control over the average 
flow of current. A convenient way of describing this ef-
fect is in terms of the resistance, that is, one describes it 
as a fluctuation in the resistance. We will call this sec-
ond class of noise "modulation noise." 
The first of these investigations was made by 

Schottky" in his theory of flicker noise. He proposed 
that fluctuations in the ionic concentration near the 
surface of the cathode would cause fluctuations in the 
work function, the emission current being changed ac-
cordingly. Using a simple jump mechanism so that an 
ion jumps into and out of the surface region leads to a 
"jump spectrum," that is, the [1/1+(cor)2] spectrum. 
This basic idea has been extended by a number of in-
vestigators; a partial list is given in the references." 
A superposition of ionic lifetimes has also been pro-

posed" for explanation of the 1/f law. Van der Ziel" 
gives an excellent discussion of the physical meaning of 
the procedure and also shows the relation of it to Mac-
farlane's" earlier theory. 
Studies of the noise spectrum resulting from ions dif-

fusing in and out of the surface region rather than jump-
ing in and out have been made by Miller, Richardson, 
Macfarlane," and Petritz. The spectrum in this case 
depends on the number of dimensions in which diffusion 
takes place. Diffusion in one dimension approximates a 
1/f law over about three decades and goes as 1/f" at 
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low frequencies and as 14/1/2 at high frequencies. Van 
der Ziel," Richardson," and °there." have pointed out 
that a 1/f law cannot hold over the entire frequency 
range because ffil df/f= log fi/f2 diverges at both the 
low- and high-frequency limits. Therefore, it can be ex-
pected that at sufficiently low frequencies the law must 
be 1ll., where K<1, and at high frequencies lir, 1> I. 
A one-dimensional ionic diffusion mechanism has there-
fore promise of explaining the so-called 1/f spectrum. 
Perhaps its most serious difficulty is connected with 

the temperature dependence of the I./f noise. Experi-
mental evidence' indicates that the 1/f noise is rather 
temperature insensitive. Ionic diffusion is quite temper-
ature sensitive, the diffusion coefficient's being of the 
form D= Do exp (—E/kT), where E is the activation 
energy of the diffusion process. Very low values of E 
would be required to explain the observed temperature 
dependence of the noise. This is particularly objectional 
in a p-n junction because in the interior of solids the 
diffusion activation energies of atoms are known's to be 
of the order of electron-volts. The activation energies 
for surface diffusion can be much lower. 
There are a number of other quantities whose fluctua-

tions can affect the average flow of current in metals and 
semiconductors; Van der Ziel," Richardson," and oth-
ers" have discussed some of them. 
Richardson" has made a general mathematical study 

of fluctuations in the electrical resistance resulting from 
coupling the resistance to a diffusional medium, the dif-
fusing medium being particles or heat. He has analyzed 
several special physical models and obtains a 1/f spec-
trum from a contact between relatively large areas of 
rough surfaces covered with diffusing layers. While such 
a model may describe quite well the physical situation 
in a granular resistance, it seems to us that single-crystal 
p-n junctions grown from the melt do not have this 
characteristic. 
The lattice system of metals and semiconductors is a 

thermodynamic system, and its temperature is subject 
to fluctuations in accordance with the general laws of 
statistical mechanics. The resistance of metals and semi-
conductors is dependent on the lattice temperature 
through the mobility and the effective number of charge 
carriers. The effect of lattice temperature fluctuations 
on the resistance R(T) of homogeneous metals has been 
investigated's in connection with bolometers as radia-
tion detectors. Their importance decreases with size of 
the resistor as can be seen by elementary calculation 

R(T) = p(T)L M, (1) 

where p(T) is the resistivity, A the cross-sectional area, 
and L the length of the sample. 

AR =[—a1-!- OT 
ap 

(AR2) L7' 
R2 

I— LT (0  I. 
] A 

(7)J 
P2 

(2) 

where (AR2) is the mean-square fluctuation in the ri 
sistance resulting from the mean-square lattice temper; . 
ature fluctuation (i n. Now from statistical mechat: 
icsu (A M= k(T)2/C„ AL, where a is the specific het 
of the body and AL the volume. Therefore, we have 1 

Op  1 
(AR2) =  LOT (r) J 
R2 P2 

and the size dependence is clearly indicated. For no, 
mal-size resistors this effect is of negligible importanc 
as compared with electronic noise. 
Recently wets.'9 pointed out that the current in rect 

tiers and transistors is controlled by conditions in th 
immediate neighborhood of the contact difference of pc 
ten tial. Another way of stating this is to say that th 
resistance is concentrated in the immediate neighbot 
hood of the contact. Because of this, the effective L tha 
appears in (3) can be quite small and the correspondin 
mean-square fluctuation in the resistance quite large. 
This brief survey of the large amount of experimenta 

and theoretical work that has been done in connectioi 
with noise in metals, semiconductors, and related de 
vices should not be considered to be complete. It is pre 
sented primarily for the purpose of giving the reade 
some insight as to why we have chosen to investigat• 
certain particular mechanisms as causing noise in 
junctions. 
In choosing one or more mechanisms as a basis fo 

studying noise in a particular device, such as a p-n junc 
tion, it seems to us that in addition to describing dr( 
noise of the device itself, it is desirable that the mecha 
nism should also be able to account for noise in other de 
vices that exhibit similar noise characteristics. For ex 
ample, granular resistances, point-contact devices, arm 
p-n junction devices all exhibit similar noise character 
istics, and it is reasonable to seek one or more cornmor 
causes for this noise. It should be stressed that becaus( 
of the possible large differences in physical structure (yr 
these devices on the atomic and crystalline level it is not 
at all necessary that the same mechanisms be responsi• 
ble for the noise in each. Our point is that the similarit) 
in the noise characteristics leans one to seek commor 
causes. 

A natural starting point for studying noise in p-tt 
junctions is to investigate noise inherent in the elec.. 
tronic system of the device. This will be the program ol 
this paper. We are preparing another paper in which 
modulation noise is investigated, and in particular, a , 
comprehensive study of noise resulting from lattice tem-
perature fluctuations will be given.' " 
As mentioned earlier, the two basic fluctuations that, 

can occur in the electronic system of a semiconductorl 
are velocity fluctuations of the charge carriers and fluc-
tuations in the number of charge carriers. Vlre will show 
that electronic noise in p-n junctions arises principally 
from concentration (number) fluctuations of the minor-
ity carrier. 
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In view of the large number of previous studies of 
t .noise in semiconductors resulting from fluctuations in 
) the number of charge carriers, it seems desirable to state 
where our work differs from that previously done. 
In bulk semiconductors the current flow is propor-

tional to the electric field strength, and current flow by 
i diffusion is negligible. It is then not necessary to con-
I sider the local concentration, p(x, 1), of the carrier but 
only the total number of carriers in the sample. Effects 
due to fluctuations in the local concentration are neg-
ligible. 
. Now in a p-n junction, current flow is principally a 
result of concentration gradients, and it is therefore 
necessary to consider the local concentration p(x, t) of 
the minority carrier. The number of random variables, 
p(x,, t), p(x2, t), p(x, t), and the like is then infinite, re-
sulting in a rather complicated mathematical problem. 
A portion of this paper is devoted to reducing the prob-
lem_to one in a finite number of variables, while retain-
ing the physical features of a p-n junction over the 
frequency interval 0—•1 /27rrp. 
Basically then our work differs from that listed in 

footnote reference 8 in that current flow is by diffusion 
instead of being proportional to the electric ficld strength. 
While the physical problem is not more complicated, the 
mathematical problem seems to be more so. 
We have attempted to emphasize the physical aspects 

D1 the problem in the text and have placed the more 
mathematical aspects in an appendix. The results of the 
ttudy are summarized in an equivalent circuit (see Fig. 5) 
with appropriate noise generators. A brief discussion of 
how the results can be used to calculate electronic noise 
:haracteristics of p-n junction devices is given in Sec-

tion VII. 

I I. MODEL OF p-n JUNCTION 
The voltage-current relationships for a p-n junction 

3ave been derived by Shockley" in his classic paper. 
We shall be concerned with deriving the electronic noise 
:haracteristics at such a junction. We consider hole in-
iection into an n type region and will use Shockley's no-
Ittation in so far as possible. The basic equations describ-
7.ng the behavior of holes in an n type region are 

a p(x, t)  (p — p„) 1 —) 
div /,  (4) 

Tp 

= A [q,a,p-g — qD„ grad pl 

— ilqD„ grad p, 

(5) 

(6) 

where p(x, 0 is the hole concentration at x at time 1, /9 is 
:he hole current, tt, is the hole mobility, pn is the hole 
:oncentration at thermal equilibrium, Tp is the mean life-
ime of a hole, and D9 is the diffusion constant. 
The following assumptions" are normally made in the 

inalysis of p-n junctions: 
a. Donors and acceptors are fully ionized (a good 
assumption for germanium at room temperature). 

b. Density of minority carriers is much smaller than 
density of majority carriers in each region. 

c. The net rate of recombination in any region is lin-
ear in the deviation of the minority carrier density 
from its thermal equilibrium value. (Assumptions 
(b) and (c) permit the use of linear equations in 
dealing with the currents arising from carrier in-
jection.) 

d. Space charge is negligible except at the space-
charge regions in the p-n junctions themselves. 

e. Current flow is primarily a result of concentration 
gradients (6). 

In formulating a noise theory for a device such as a 
p-n junction, it is important to recognize that there is a 
fundamental relation between the macroscopic equa-
tions of the system ((4), (5), (6) are the macroscopic 
equations of a p-n junction) and the equations describ-
ing fluctuation phenomena of the system. Such a rela-
tion is that, on the average, the decay of a fluctuation 
follows the ordinary phenomenological macroscopic 
laws. This relation is a fundamental assumption in 
Onsager's Principle of Microscopic Reversibility and 
the papers of reference" give a careful discussion of it. 
When the macroscopic laws are nonlinear, this relation 
exists only when small deviations are considered in the 
macroscopic equations. Now (4) has already been lin-
earized by considering small deviations from the normal 
concentration. Therefore, we must formulate our noise 
theory so that (4) appears as an equation describing the 
average decay of a concentration fluctuation. 
We have mentioned this point because it has an im-

portant bearing on the manner in which the distribution 
of localized impurity states is incorporated into our 
noise theory. This is closely related to the meaning of r, 
in (4), and we will discuss this now. 
If we consider a small volume element  V=A6a, the 

number of holes in this region can change in two ways, 
first by body and surface recombination and second by 
current flow between neighboring regions. We analyze 
briefly the recombination processes in order to properly 
incorporate them into the model. 
Recombination can occur in the body of the material 

and at the surface. Considering body recombination 
first, there may be several processes by which a hole can 
be removed from the valence band. Considering, for 
example three of these, we have 

a0= 1/r, transition probability per unit time for a 
hole to recombine with an electron, 

al= 1/ri transition probability per unit time for a 
hole to fall to the level El, 

a2=1/r2 transition probability per unit time for a 
hole to fall to the level E2. 

The levels Ei and E2 represent impurity states and are 
shown in Fig. 1. Now if these events are competing proc-
esses, we have 

1  1  1  1 
a = ac + at -I- a2 = —  —  — = 

TI T2  rti 

(7) 

(8) 

as the transition probability per unit time that a hole is 
removed from the valence band by body recombination, 

I. 
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without stating into which state it falls. The mean life-
time for body recombination (re) is shortened because of 
the competing processes. This is exactly the same effect 
as is shown by an atom in an excited state; the mean 
lifetime of the state is shortened by having more than 
one way to decay. 

VAL E NCE  BAND 

/////////////// 1/////////////17/////i///////1/I M//// 

0   ////////7//////////////1////i„  //////// 

CONDUCTION  BAND 

Fig. 1—Energy levels for holes in an n-type semiconductor. 

E. 

E, 

El 

E, 

E, 

Shockley, Read, and Hallmi have discussed the tran-
sition probabilities defined in (7) so we will not discuss 
them except to make the following remark: Addition of 
the transition probabilities as an aid implies that the 
localized states of different energies are homogeneously 
distributed throughout the solid so that the probability 
for a hole to encounter a particular specie of localized 
states is proportional to the density of said specie. If 
the material is inhomogeneous so that localized states 
of energy E1 are localized within a region VI, and local-
ized states of energy E2 are localized in another region 
V2, the states E1 and E2 are not competing and one does 
not add the transition probabilities as in (8). 
For an inhomogeneous model the individual regions 

are considered separately, and (4) and (6) are used for 
each region with an appropriate mean lifetime. The im-
pedance of an inhomogeneous model resembles that of a 
network of series and parallel impedances. The noise 
spectrum of a homogeneous and of an inhomogeneous 
model will differ in an important way. This will be dis-
cussed further in Section VIII. We assume a homogene-
ous model in this paper. 
Considering surface recombination, it is clear that 

surface states are spatially localized away from a major-
ity of the body states. Therefore, the recombination at 
surface states cannot be considered as a competing 
process with body recombination and one is forced to 
use the three-dimensional form of (4). 
The three-dimensional equation with surface recom-

bination has been studied by Shockley." He reaches the 
conclusion that when recombination on the surface is 
small compared to body recombination the effect of sur-

face recombination is simply to modify the effective life-
time. Ile defines an effective lifetime r„ as 

= l/rb + 2s/ (9) 

where s is the recombination rate on the surface and 2w 
is the width of sample. The meaning of this is that one 
can use the one-dimensional form of (4) and incorporate 
the effect of surface rec•anbination on the lifetimi• of a 
hole bv "pseudo" trapping states homogeneously dis-
tributed throughout the body of the material. 
We shall assume in our study of noise in /)-fl junctions 

that surface recombination can be accounted for in this 
manner. The geometry of existing junctions is in favor 
of this, while in long, thin filaments it may be necessary 
to use the three-dimensional equations. 
For a p-n junction we define 

= w/25= 1/r. transition probability per unit 
time for a hole to be trapped in (10) 
the "pseudo" body state E.. 

Then we have 
a= (m. --1-at-l-a2-1- • • • )-4_a. 

i/Tp=a= 1/1-6+ 1/7-. 

transition probabil-
ity per unit time for 
a hole to be removed 
from  the valence 
band, 
mean lifetime of a 
hole. 

(11) 

(12) ; 

We are, therefore, using for our model of a p-n junc- • 
tion one in which the effects of body and surface recom-
bination can be effectively described by a mean (short-
ened) lifetime r,,. Impedance," photoconductive, and 
lifetime  measurements indicate that a p-n junction 
is described quite well in this manner. 
The lifetime of holes in some of these localized states 

can be very long, that is, they can be metastable states. 
However, we. have not incorporated into our model any 
effects of these metastable states on the emission char-
acteristics of nearby localized states, such as discussed 
by Shockley.' Such a procedure would lead to a nonlin-
ear equation in place of (4) since the holes would not be 
independent of one another. 

III. FORMULATION OF THE NOISE THEORY 

In studying the noise of p-n junctions, (4) is inter-
preted as describing the average behavior of p(x, t) 
where p(x, 1) is now considered to be random variable. 
Fluctuations in the hole concentration will occur about 
the average value at each point x. If we divide space 
from x=0 to infinity into small intervals of volume 
A V=AAx, we can define the number of holes in a region 
x.--1-Axi as m(x.)=p(xi)AAx. (see Fig. 2). This num-

ber can fluctuate by two main processes. The first is by 
body and surface recombination. The transition proba-
bility for this to occur is given by (11). The second 
method is by current flow between neighboring regions. • 
It is clear that we have a problem concerning an infinite 
number of random variables, namely m(xi), m(xi 
+Ax.) • • •. We are therefore studying a problem which 
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is considerably more complicated mathematically than 
that of a system with a finite number of random varia-
bles such as in lumped circuits. We have not as yet been 
able to solve the problem in this form. 

p.pne°V.T 

(0) 

p, 

Plx 

P REGION 

Po.P.e"°/0" 

(b) 

n REGION 

P1 

Lp 514.45X 1 

At- P2A PA 
0  X - -b.  L p 

Fig. 2—Hole concentration as a function of position in a p-n junction. 
(a) Distributed parameter solution. (b) Lumped-parameter solu-
tion. 

Now it is generally possible to approximate the be-
havior of a distributed parameter system over a limited 
frequency range by a lumped parameter system. Lumped 
circuit theory is the classic example of this, the Maxwell 
equations being partial differential equations. Shock-
ley" has shown that for frequencies below f„= 1/2irr„ 
the admittance of a p-n junction can be represented 
quite well by lumped circuit elements. For frequencies 
higher than fp the equivalent circuit is that of a trans-
mission line. It therefore seems reasonable to expect that . 
the low-frequency noise characteristics of p-n junctions 
could be obtained by a lumped parameter theory. 
We are particularly interested in the frequency range 
—f„ because we should like to see if the 1If spectrum 
can be explained by electronic noise. It therefore seemed 
to be of interest to treat the low-frequency range by a 
suitable lumped parameter approximation. A future 
theory based on (4) will contain the low- as well as the 
high-frequency character of the spectrum. Of course, if 
one wants to work hard enough, a lumped parameter 
approximation can be continually improved by increas-
ing the number of elements; in this way the high-fre-
quency solution could in principle be attained. We will 
not do this, but will restrict our attention to low-fre-
quency range which we believe has considerable experi-
mental and theoretical interest. Our program in this 

paper is, therefore, to 
1. obtain a suitable lumped parameter approxima-
tion to (4) to be used for describing the voltage-
current characteristics of p-n junctions in the fre-
quency range O—f, and to 

2. use this as a basis for a study of the noise. 

IV. LUMPED PARAMETER THEORY OF A 
p-n JUNCTION 

Our procedure will be, first, to translate (4) into an 
infinite set of total differential equations. Next we will 
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use results of Shockley's2° exact solution to guide us in 
a reduction of this infinite set of total differential equa-
tions to a finite set. After this we will solve for the volt-
age-current characteristics of this finite set. 
We divide space into regions of finite length Axi (Fig. 

2). Integrating (4) over the volume A Vi =AAxi, we have 

If 
op 
—al dV = — f f f (P Pn)  dV 

at  Tp 

- lfff div 
q  .11 

Applying Gauss's Law, we have 

If f, 

(13) 

div I „dV = f f  „• n da.  (14) 
S>JV 

Now current flow is assumed to take place only in the 
x direction, and is uniform over the cross-sectional area. 
Therefore, 

A f  dx = A 
az, al  7, J si 

Defining 

(p — b)dx 

A 
— — [j(xi) j(xi  Axi)]  (15) 
q 

= Aj(xi). 

p(x)dx L.. 
Axi 

(16) 

(17) 

as the mean density in the region xi, xd-Axi, we have 

dp(x,) 
*xi   

dt 

Axi 
[P(xi) — P.(xi)] 

rp 

1 , 
Az,  Axi)]. (18) 

Equation (18) is the continuity equation for the num-
ber of holes in the region bounded by the planes xi, 
xd-Axi. The first term on the right-hand side repre-
sents the effects of recombination, while the second 
represents the net current flow across the two boundary 
planes at xi and xi+Axi. Equation (18) represents an 
infinite set of equations since the current flow is deter-
mined by conditions in the regions on either side of xi 
as well as in it. We can write down an approximate ex-
pression for the current using (6): 

1(x,)  Aq13,[ p(xi) — p(x; — 
Ax, 

AqD,, [P(x ')  P(x ' I. (19) 
Ax, 

Equation (19) becomes exact in the limit Axi—,0. 
We now want to reduce this infinite set of total dif-

ferential equations to a finite set that will provide a 
reasonably accurate description of a p-n junction for 
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frequencies <f,,. To do this we examine the solution of 
the exact problem. 
The steady-state solution for p(x)2° is (Fig. 2(a)) 

P(x) = Pn[l  e-x/Lp(eovoir _ 1) 1, (20) 

where Lp= (Drp)" is the diffusion length for holes in 
the n-region and Vo is the dc component of the applied 
voltage. Within a distance L , [p(x) —pa] has fallen 
to lie its value at x = 0; and because of the rapid decay 
of an exponential function, p(x) approaches the value 
p, within a relatively few lengths of L. The injected 
steady-state hole current decays in much the same way. 
It therefore would appear that for describing the 

steady-state characteristics one could divide the space 
roughly into three divisions as follows: 

1. The region to the left of x=0 with a constant 
density equal to po—p. exp (qVo/kT). 

2. The region to the right of, for example, x =5L„ with 
the constant density P2 = pn. 

3. The region from x =0 to, for example, x=5L„ to 
be subdivided in accordance with the accuracy to 
which we want to carry the approximation. 

Examination of  the  low-frequency  admittance" 
44„=Gp-FiSi, ((48) and (49)) enables us to simplify the 
problem still further. Ai, is the admittance of two 
lumped circuit elements—a resistance and capacitance 
in parallel. The conductance G„ is that of a layer L„ 
cm in length with a hole conduction corresponding to 
the density p„ exp (qVo/kT). 
The reactive part of the admittance corresponds to a 

capacity roughly of size A Lp." We conclude that a 
first approximation to the distributed parameter system 
can be attempted using the three regions mentioned 
above, modifying statements 2 and 3 to read 

2. The region to the right of x =Li, has the constant 
density P2 = pn. 

3. The region from x= 0 to x = L,, is not to be further 
subdivided, letting pi be the mean density of 
holes in the region x =0 to x = Li, and mi= A Lppi be 
the total number of holes in this region. Fig. 2(b) 
shows this divisioning. 

Our infinite set of differential equations then reduces 
to the single equation, 

dpi AL„  101  112 
L,,A  = — (pi — p„)  — —I (21) 

9 
where 

Io1=net current flow from region 0 to 1. This is the 
current measured in an external circuit. 

112 = net current flow from region 1 to 2. /12 will be less 
than /in due to recombination within region 1. 

Now /01 is the result of diffusion into and out of region 
1 across x=0, and will depend on the concentration of 
holes in regions 0 and 1. We can write down an ap-
proximate expression using (19). 

Let in =flow of current from 1 to 0. 
ioi=  of current from 0 to 1. 

101 

il0 

i01 

i01 
iio qAD,(P0 P\ 

L, 

aAD,, IP°   PI\ 
Li, 

aAqD,P1 

L, 

aAqD,Po 

L„ 

where a is a numerical constant of order unity. Using 
D,=L„2/rp, we have in =aAqL,„plir„ and — (hoimi) 
= (ay/r,,), and this leads to the simple interpretation 
that the diffusion current per particle from 1-4) is 
aq/r,':- -WQ/dt, where r„ is the lifetime or duration of a 
current pulse. 
We will carry a as a parameter and will show that 

none of the qualitative results of the noise analysis de-
pends on assigning a numerical value to it. Its value can 
be estimated by requiring /12i/01= 1/e in accordance 
with the exact result." 
We have reduced the partial differential equation to 

one total differential equation (21), and the currents are 

aqD,  aqD, 
Ioi —   (Po pi),  112 =   (pi — p2), 

L, 

where 

P o =  Neovakr and p2 = pn. (25) 

Equation (21) will form the basis of our noise theory, 
pi being then considered a random variable. Before going 
into noise theory we will solve for the voltage-current 
characteristics of the junction on the basis of (21). 
We will do this for two reasons: First, because we will 

need the impedance of the junction in the noise theory, 
and second, to show that such an approximation does 
describe quite. well the junction at frequencies below fp. 
We will consider improvements over this approximation 
later in the paper. 

IV. VOLTAGE-CURRENT CHARACTERISTICS OF A p -n 

JUNCTION BASED ON THE LOPED-PARAMETER 
APPROXIMATION 

Equation (21) along with the relations of (25) is a 
nonlinear equation relating hi and 170, the applied po-
tential. We can solve the steady-state problem exactly, 
and will use a small-signal analysis for obtaining the im-
pedance characteristics. 
Considering first the steady-state solution (using cap-

ital letters to indicate steady-state values), 

dpi 
= 

dt 

= 

1 01 — 

0, P0 = Neve kr, p2 = p n  

[1 ± ty(eavoikr + 1)] 
  _ p„eqvir kT 

(1 ±  2a) 

aqDA 
(Po — P1) 

L, 
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a(1  a)AqD 

(1 ± 2c()Lp 
p„[eovoz  _ 1] 

1.01  =  [01'0/ kr —  1] 

a(1 a)A qDp„ 

(1 + 2a) 

where I. is the reverse saturation current. Equation (29) 
agrees in form with the exact solution" and differs from 
it only by a numerical factor of order unity. 
The current flow into region 2 is 

aqD„:1 
I12 =   

a 2  qpppn 

(1 + 2a)  1.„ 

and 

  (07'0/ kr 1) (31) 

/12//01 = a/1 + a•  (32) 

The value of a can be fixed by requii ing 112/101=1/e, 
from which a =1/ e — 1-2t-1 /2. 
The small-signal characteristics can be found in the 

usual manner. 

po = pne(Vo+LtV0)/kT =  p ne V0/kTrl ±  (q/kT) V0(t)]  (33) 

ftl = pneo(vi+evi) z kr = 131 ± p i(i) 

P2 =  P2 =  p. (the right side being held at ground 
potential). (35) 

The equation for Ap(t) then is, by (21), 

dAp,(t) (1  2a) aq N elVol kr 

  V0(1) Ap,.  (36) 
dt rkT 7, 

Assuming a sinusoidal voltage for  V0(1), 

LIV0 = irowei", Pi = 

Substituting (37) in (36), we obtain 

a ( 1 \ 

(1 + 2a)  ter + icor') 
Lip,„ _     pneVol kr 

= 1  1 = 1  (1 + 2a) 
(28) 

R13  Rir Ri2 R [aeo(vo-v1)1k7•1 

(29) C = q2AL,P)/kT 

1 (30) 

(34) 

Zo, = —  = Rol -I-
A00 1 +  i78. C R13 

R13 

1 [ 1 + icorp/1 ± a 1. 
1/Zo, = A00 = 

R 1 -I- &yr- 0 2a_l 

(45) 

(46) 

(47a) 

(47b) 

It is convenient to combine /217, and R10 since in this 
approximation they are in parallel. 

(d) 

Fig. 3—(a) Equivalent circuit of a p-n junction lumped-parameter 
solution. (b) Equivalent circuit with noise generators. (c) Repre-
sentation of (b) by Norton's Theorem. (d) Low-frequency equiva-
lent circuit by Shockley's solution with a Nyquist noise generator. 

This equivalent circuit is in qualitative agreement 
with Shockley's,2° shown in Fig. 3(d), his values of R, 

(37) and C, being 

(38) 

r' = r,/(I + 2a) = rp/2 for a = 1/2.  (39) 

The injected ac hole current is 

aqD,A 
Aro' =   (Po — = Mota  (40) 

aq2AD, = a/(1  2a)1 
Mot.  AV°. —  iv it    LpleT pneoi k 1 -I- J 

Foi = A0.4,170,  A00 = G  iS 

1 a(1 + a) q2AD„ N ei "?' 

(1 -1- 2a) LpkT 

The equivalent circuit is shown in Fig. 3(a) and 3(b), 
? where 

1  1  (1 4- 2a) 
_ 

R01 _ R [1 ± 2a — acqw•-volbri 

(41) 

(42) 

(43) 

(44) 

1 Aq2p„D 
 eve kr 

R9 kTL„ 

= q2pnegV01kTL,/2kT. 

(48) 

(49) 

R= Roi+Ria and Care in good agreement with R„ and 
Cp. The location of C in Fig. 3(b) is not correct, but it 
would require many more elements to push it forward 
to being nearly directly across 0—g. We shall be satis-
fied temporarily with this representation and go on to 
the noise studies, after which methods of improving the 
result will be considered. 

V. EVALUATION OF ELECTRONIC NOISE IN A p-n JUNC-
TION ON THE BASIS OF THE LUMPED-PARAMETER 

APPROXIMATION 

We are now ready to use the lumped-parameter ap-
proximation of a p-n junction as a basis for studying its 
noise characteristics. Equations (28) and (31) describe 
the average behavior of current flow as related to the 
average density of holes. We now consider effects of 
fluctuations in the hole density on the current observed 
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in an impedance ZL connected across 0-g, Fig. 3(b); 
Pi is considered to be a Markoffian random variable. We 
shall use the mathematical techniques of Markoffian 
random processes, but will attempt to give a word de-
scription of our procedure, restricting the mathematical 
details to Appendix A. For the interested reader the 
theory of Markoffian random processes is presented in 
a most interesting manner in the paper of Uhlenbeck 
and Wang." 
The end result of our analysis is to obtain an expres-

sion for the power spectrum of the short-circuit noise 
current generator G(.P..) at terminals 0-g, Fig. 3(c). 
Knowing this current generator and the impedance Zop, 
one can write down the expression for the noise observed 
in any load impedance by the use of conventional cir-
cuit techniques (Norton's theorem). 
We arrive at this result by first finding expressions 

for the power spectrum of the noise current generators, 
G(6./201.v) and G(6./2130, to be associated with resistors 
Rol and R13, respectively, as shown in Fig. 3(b). 
If we were only concerned with thermal equilibrium 

situations, we could write down the appropriate noise 
generators by the Nyquist result.. That is, 

4 kT 
G(AroiN, Vo = 0)df —  )cif  (50) Rol  

G( /213N, Vo = 0)df — (4k7')   df. 
R13 

(51) 

It is just the deviations from this that we are inter-
ested in, particularly the dependence on the applied 
voltage and other parameters. 
We find the power spectrum of the noire generators 

by deriving the power spectrum G(Ain2) of m =ALpPi. 
Knowing G(Am2), we can find G(L1/201N) and G(AP13N ). 
The power spectrum of m is determined by how m can 

change in an infinitesimal time it. We have discussed in 
Section II the appropriate transition probabilities for 
body and surface recombination, and they are given in 
(7), (10), and (11). Now since the holes are considered 
to be statistically independent (this is inherent in using 
a linear equation such as (4)), the probability for m to 
decrease by unity in an infinitesimal time At by body 
and surface recombination will be 

prob. [m to change to m - 1 in At] 

= m(a, ± al ± «2 + • • • + ot.).11 = mAtirp.  (52) 

Now when no current is flowing, the law of detailed 
balance requires that the probability that m increase 
by unity in At by body and surface excitation be 

prob. [m to increase by one in Ad = — 

m„ =  

Similar arguments can be made for m to change by 
diffusion of particles across the planes x=0, x=Lp. 
We have then for x=0, 

prob. 

prob. 

m -4 m - 1 in Ai by diffusion out [ 

across x = 

am.11 

79 

fm  m  1 in AI by diffusion in 

[across x = 0 

79 

(54) 

(55) 

Note that we are neglecting fluctuations in Po itself. 
This is in accordance with the procedure of assigning a 
fixed boundary condition P. = p„ exp (q Vo/kT) to the 
region immediately to the left of x=0. We can account 
for the noise in the p region by the Nyquist theorem 
since it is ohmic in character. Noise resulting from con-
centration fluctuations of the majority carrier should be 
small when the acceptor states are nearly all ionized. 
Similar postulates are made for diffusion across 

x =Lp. These postulates characterize the random proc-
ess completely. The details of obtaining the appropriate 
noise currents are given in Appendix A. It is there shown 
that the average (more precisely the conditional aver-
age) behavior of m is described by 

— (m(m0,1)) = - (1 + 2a)(m(mo, 1)) 
dt 

AL9 
  [aPo  p„+ aP2], (56) 
T P 

where (m(mo, t))=AL, (p,(0). We note the relation 
of this equation to (21) and see that our noise theory is 
very closely related to the average behavior of the sys-
tem. 
The appropriate noise currents to be associated with 

the resistances Rol and R13 are 

4k7' (1 , 9 ,c)e-qw0-1.  o kr _ 
G(.1120,v)df =   df (57) 

RD,  (I + a) 

4k7 
G(.1/213.)df =  )df. 

R13 
(58) 

We note that at Vo= VI =0 both noise currents reduce 
to the Nyquist value. However, under biased conditions 
G(A/201N ) differs in an important way from the Nyquist 
value. 

The power spectrum of the short-circuit noise gen-
erator G(A/2„), Fig. 3(c), is found by circuit analysis 
to be 

(53) G(.112.„)df — 4kT r(i ± a) ± aevvo l 
R L(1 ± 2a)eavotkr  F(corp, a)df (59) 

[1 + (cor,)2/(1  2a)(1 
F(corp, a) —   (60) 

1 + (  on, 
1 ± 2a) 
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I For low frequencies, F(Lorp<1, a) =1. For Vo= 0, 

4k7' 
G(..11 2.„, l'o = Oldf = F(wr,„ a)df, (61) 

which is the Nyquist formula at low frequencies. For a 
large reverse bias, IP0<<0 

VO << 0) di 

a)df. 
4k r (1 + 

R  1 

For a large forward bias, Vo>>0 

(62) 

(4.1 /1„,, Vo >> Wulf = 4k  1. ( -a—  -.)Flwrp,  (63) 
R  1 + 2a 

Before discussing these formulas, we make a simple 
check on their qualitative validity. 

VI. Ust oi N \outsr CRITERIA FOR (-DECKING AND 
- SIMPLIFYING TIIE I.VMPFD-PARAMLTER RESULT 

We can apply the N) quist theory to Shockley's dis-
tributed parameter solution to check our lumped-
parameter solution. Shockley' ' has shown that the ad-
mittance of a p-n junction is 

=  lP I .gro'kT(1  i,, )112 

for cor„<<1. This reduces to (48) and (49). The equiva-
lent low-frequency circuit is shown in Fig. 3(d). Now the 
Nyquist theory states that in thermal equilibrium the 
resistance R, has a noise current associated with it 
whose power spectrum is 

(64) 

/4k T\ 
GR(.1/2)(if = (65) 

Rp 

We can therefore calculate the noise power in a load 
resistor RL by the circuit in Fig. 3(d). If the load is 

matched, RL= Rp 
knif 

G(Poldf =   (66) 

1 + 2 
\ 4 

Now a similar calculation based on our lumped-
parameter result at zero applied voltage gives 

G(Ta)df = kTB(corp, a)dj,  (67) 

where B(corp, a) is a spectrum involving the character-
istic time r in a somewhat more complicated manner 
than (66) because of the difference in location of the con-
denser in the lumped-parameter solution. The lumped-
parameter solution is in good agreement with (66) in 
that the available power at low frequencies is kr and 
the spectrum is flat to frequencies of the order 1/27rr„, 
at which point it begins to fall off. It is plotted in Fig. 4. 
We can use the Nyquist solution to improve and 

simplify our lumped-parameter solution by the follow-

ing argument: 

Examination of the expression for G(AI„,,), (59), 
shows that the spectral character of G(AI..) is independ-
ent of the applied voltage, that is, F(wri„ a) is independ-
ent of Vo. Similarly, the spectral character of Zo„, (47b), 
is independent of Vo, even though Rol, Rio, and C are all 
voltage dependent. It therefore seems reasonable to 
adapt the spectral characteristics of the Nyquist solu-
tion. That is, we change our circuit to agree with the 
Nyquist value at Vo = O. The result of this is to shift 
the capacitor across 0—g. The noise generator to be asso-

ciated with this circuit is 

4kT r (1 ± a) ± «c.v.' kr ] 
Gp(..112„)df —   df.  (68) 

Rp (1 ± 2a)eqr" r 

leg W O 

6 •WI/T 
leg (4 

Fig. 4—Spectrum of the available noise power of a p-n Junction. 

Noise analyses made with this circuit will agree with 
the Nyquist solution at Vo= O. It gives the voltage de-
pendence for the short-circuit current generator as found 
by our lumped-parameter analysis. 
While we have no reason to doubt the validity of this 

procedure, we should like to remark that for values of 
RL of the order R, a noise analysis based on Figs. 3(c) 
and 3(d) (with G( I)) will be nearly identical. The 
chief advantage of Fig. 3(d) is its simplicity. 

VII. EQUIVALENT CIRCUIT FOR ANALYSIS OF ELEC-
TRONIC NOISE IN p-n JUNCTIONS AND RELATED 

DEVICES 

In Appendix B the effects of electron conduction in 
the P region are included and also the capacity of the 
transition region is added. We then arrive at Fig. 5 as 
an equivalent noise circuit that can be used as a basis 
for analyzing noise in p-n junction rectifiers, transistors, 
and related devices. The expressions for the parameters 
in Fig. 5 are given in (104) and (105) of Appendix B. 
The analysis of electronic noise in a p-n junction 

transistor is a straightforward application of Fig. 5. For 
each junction the circuit of Fig. 5 is connected, the 
quiescent operating point of the junction being sped-
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fled. The effects of noise in the base region and other 
ohmic regions can be incorporated by the appropriate 
Nyquist generators. It does not seem likely that con-
centration fluctuations in the regions where the current 
is carried by the majority carrier will produce appre-
ciable deviations from the Nyquist value, particularly at 
room temperature, since the donors and acceptors are 
nearly completely ionized. 

0 

G 

R.  R.  C,  CM C, 

Fig. 5—Equivalent circuit of a p-n junction with noise generators. 

Straightforward application of the small-signal tran-
sistor equations can then be made, the noise generators, 
of course, constituting the signals. 

VIII. DISCUSSION 

We will use (59) and the equivalent circuit of Fig. 3(c) 
as a basis for analyzing certain properties of p-n junc-
tions and related devices. 

An Important consideration is the dependence of the 
available noise power of p-n junctions and the noise 
figure of p-n junction transistors on certain parameters, 
such as bias voltage, physical size, current densities, 
and the like. It has been pointed out that point-contact 
transistors operate with very high current densities, 
and it is of interest to see if concentration fluctuations 
of the minority carrier lead to a dependence of noise 
figure on current density, and so on. 
The available noise power is the noise power de-

livered to a matched resistance. From (59) and Fig. 3(c) 
we have 

G,.„(Pa)df = kT [ 
(1 + a) ± aeqVolkT 

(1 + 2a)elVol kr ]df curt, << 1. (69) 

We note that Gp.„(1).) is dependent only on the bias 
voltage, and does not exhibit any dependence on size or 
correlation with current density. This is in contrast to 
the situation in bulk semiconductors where noise due to 
number fluctuations has a definite relation to the cur-
rent. For bulk semiconductors we have 

K Tp(I/ A) 2 

Gb.s.( P.)df =   df  kTdf,  (70) 
[1 -1- (0.,7-„)2] 

where I/A is the mean current density and K is a 
constant not involving the current or size of the sample. 
A derivation of this can be found in footnote reference 8. 
The second term in (70) arises from velocity fluctuations 
of the holes while the first term arises from fluctuations 
in the number of holes in the valence band. At zero volt-
age the concentration fluctuations contribute no noise, 
the Nyquist noise being related to velocity fluctuations. 

In a p-n junction the noise has been entirely related to 
concentration fluctuations; we have neglected effects of 
velocity fluctuations. The basic difference in (69) and 
(70) arises because current flow in bulk semiconductors 
is proportional to the electric field and flow resulting 
from concentration gradients is neglected, while we 
have assumed the opposite situation for a p-n junction. 
Although concentration fluctuations inherent in the 

electronic system of bulk semiconductors can be used 
to explain the correlation of noise phenomena with the 
average current, we now conclude that such a relation 
does not exist in p-n junctions. 
We carry this one step further and calculate the noise 

figure of a p-n junction transistor in Appendix C and 
find the noise figure to be approximately unity (zero 
db), independent of bias voltages, size, current densities, 
and the like. 
'Cis of interest to compare these results with those 

for point-contact devices. ‘Veisskopf's6 basic formula for 
the available noise power of a point-contact rectifier is 

kr Gp.e.(1).)di 2 [1, e-gvokrldf. (71) 

Equations (69) and (71) are qualitatively the same, 
the difference apparently arising from recombination; 
since, if recombination is neglected, it is easily shown 
that (1 -1-2a)-42a and (1 +a)---,a and (69) reduces to 
(71). 

The coefficients involving a will be precisely deter-
mined in an exact solution of the problem, and our re-
sult (69), should be considered as giving only the cor-
rect order of magnitude when a=1/e-1. None of the 
qualitative features of our analysis will depend on as-
signing a precise value to a. 

We see by (71) that there is no dependence on size 
or correlation with density of the available noise power 
for point-contact- rectifiers and a calculation similar to 
the one in Appendix C leads to a noise figure of the 
order of unity. We have based these _calculations on 
noise generated at the junctions, neglecting noise gen-
erated in the base and other homogeneous regions. It 
does not seem likely that noise generated in the homo-
geneous regions can account  for  the, 40-db difference in 
noise figure between p-n and point-contact transistors. 
We conclude that there is no dependence on size or 

current density of the noise figure of transistors if the 
transistor is subject only to fluctuations inherent in the 
electronic system and, therefore, that the 40-db differ-
ence in noise figure between p-n and point-contact 
types must be related to a fluctuation of Class II. 
Some remarks in addition to those found in Section VI 

will now be made concerning the spectrum. 
A first point of interest is that the spectrum of the 

noise voltage appearing across an external load is de-
pendent on the impedance of the load. This illustrates 
the close relation of the noise to the impedance of the 
junction and of the load. This is in contrast to the noise 
in bulk semiconductors caused by fluctuations in the 
number of charge carriers, the spectrum, (70) being de-
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termined by 7-, independent of the load (except for 
capacitive load effects). 
However, in so far as the junction itself is concerned, 

the spectral character of the short-circuit current gen-
erator and of Zup are determined by rp and a as dis-
cussed in Section VI. Also the available noise power as 
calculated by the Nyquist solution contains Tp in the 
characteristic jump spectrum, 1/ [1+ (corp/4)2]. 
It is somewhat tempting at this point to use the dis-

tribution of localized states (Fig. 1) as a basis for super-
posing spectra of the 1/1 + (cor,)2 type, where Ti = llai 
is the mean lifetime associated with each localized state 
E,. On the basis of the model we have used, such a 
procedure would not be correct. We have already in-
corporated the distribution of localized states into (12), 
the net effect being to shorten the lifetime of a hole in 
the valence band. 
The inherent relation between the macroscopic equa-

tions of the system and the corresponding noise equa-
tion must be preserved if a noise theory is to be de-
veloped that is consistent with a given model. Therefore, 
if one is to superpose spectra at this point, it would also 
be necessary to change the macroscopic equation of the 
system. Such a superposition would correspond to an 
inhomogeneous model with localized regions of local-
ized (trapping) states, the regions having different 
transition probabilities for recombination and emission. 
The macroscopic electronic properties of p-n junctions 

appear to be accuratel 22,24 described by (4), and there-
fore we conclude that electronic noise cannot explain a 
1/f spectrum even when a distribution of localized states 
is present. Thus a second source of noise must exist in 
p-n junctions that is the cause of the 1/f spectrum. 
It is perhaps worth mentioning here that in noise 

studies based on the ionic modulation mechanism the 
question of how a distribution of ionic lifetimes should 
be incorporated into the model arises. If the ionic states 
are competing in the sense described in Section II, then 
the net effect will be to shorten the lifetime of the mobile 
ion. The correct procedure in the case of ions cannot be 
established as easily as in the electronic problem be-
cause analogous experiments to impedance, lifetime, and 
photoconductive studies have not been made. Thus 
there is no independent check on the procedure. The 
procedure of adding the 1/1+ (wri)1 spectra has been 
closely related to the model in the ionic studies referred 
to in footnote reference 12. These comments are not to be 
taken as a criticism of that work, but merely as a point 
to be considered generally. 
The inherent relation between the macroscopic equa-

tion of a p-n junction and the corresponding noise equa-
tion can be used as a guide in the interpretation of noise 
measurements. For example, the characteristic fre-
quency, fp= 1/27rr,„ is involved in the admittance and 
in the photoconductive response as well as in the noise 
spectrum. Now a 11f noise spectrum does not exhibit 
any correlation with impedance and photoconductive 
studies of p-n junctions. On the basis of this, one would 
conclude that the second source of noise in semiconduc-
tors, rectifiers, and transistors completely overshadows 

the electronic noise. However, this is not quite the case 
since deviations from the 1/f law have recently been 
reported, and there are other experiments that do indi-
cate a correlation between noise and certain macro-
scopic electronic properties of bulk semiconductors and 
p-n junction devices. We mention these experiments 
briefly in order to show that evidence exists that elec-
tronic noise is being observed experimentally, and to 
show that the 11f law does not have the universal char-
acter that is sometimes attributed to it. 
The correlation studies of Montgomery and Shock-

ley" are evidence for the appearance of the lifetime, r,„ 
in the noise measurements. While the over-all spectrum 
reported by Montgomery is of the 11f variety, which 
does not, of course, contain rp, the correlation studies do 
show that 7-, is present in the noise. 
A deviation from the  law has been reported by 

Van der Ziel and Herzog' in measurements on ger-
manium filaments. They have fitted the spectrum with 
the law 

AI2 
(72) 

f  1 + (corp)2 

where r, is the lifetime of the minority carrier, I is the 
current, and A and B are suitable parameters. The 
value of rp found in the noise measurements was in 
reasonably good agreement with the lifetime of holes 
as found by Montgomery," and also agrees in order of 
magnitude with the lifetime as determined by Haynes.0 
Van der Ziel and Anderson' have recently reported a 

correlation between the impedance and the noise spec-
trum of a p-n junction biased in the forward direction. 
In the paper they suggest that such a correlation might 
be expected to exist, and they also use the Weisskopf 
equation for interpreting the measurements. 
A deviation from the 1/f spectrum has been observed 

in noise measurements" made on photoconductive films 
by Miss Lummis and myself. A definite correlation of 
the noise spectrum with the photoconductive response 
time was observed over a temperature range 75-300° K. 

CONCLUSION 

On th basis of the results of this and other papers and 
considering the over-all experimental studies, we con-
clude that noise inherent in the electronic system of p-n 
junction devices, point-contact devices, and bulk semi-
conductors can account for only a portion of the meas-
ured noise in these devices and that there is a second im-
portant source of noise. This second source is of the 
Class II, or modulation, noise. The modulation noise 
has, to a large extent, obscured the electronic noise 
when currents flow through the device. In particular, 
we conclude that the modulation noise is necessary to 
explain 

1. the noise figures of transistors being appreciably 
larger than unity, 
2. the large difference between noise figures of point-

contact and p-n junction transistors, 
3. the 1/f portion of the noise spectrum. 
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An important practical as well as scientifically inter-
esting question to be answered in examining noise 
sources of Class I 1 is to determine whether or not this 
noise is fundamental to the device or whether improve-
ments in materials and design can reduce its magnitude 
or even completely eliminate it. 
We will discuss this matter more fully in the paper 

under preparation that was mentioned in Section I. 
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APPENDIX A 

We will outline here the method by which we obtain 
the power spectrum of the noise current generators 
G(APoiN) and G(A/2132v), to be associated with Rol and R13 

in Fig. 3(b). We set up the Kolmogoroff-Fokker-
Planck" (K.F.P.) equation for the p-n junction (in our 
lumped parameter approximation) from which the 
power spectrum of m, G(Am2) is obtained. We then use 
G(Am2) to find expressions for the noise current gener-
ators. We are in effect transforming from the K.F.P. 
equation to the Langevin" equation of the system. 
Uhlenbeck and Wane' present the connection between 
these two formulisms. The Langevin equations are very 
useful for noise calculations. In this formulism the 
ordinary "circuit equations" are used, and the fluctua-
tion character of the system enters through noise volt-
age or current generators. In a p-n junction, (21) will 
be the Langevin equation after the proper noise current 
generators have been added. 
We assume the fluctuations in m to constitute a sta-

tionary Markoffian" random process. A one-dimen-
sional Markoffian random process is characterized by 
the probability function 

P(mo, to/mitt) = conditional probability of m at time ti 
if m(t=to)= ?no. 

and 
limit P(mo/m, = W(m)= stationary probability of m 

The basic equation of the random process is the 
K.F.P. equation. 

dP 
-- (m0/ m, 1) = E P(m0/ s, 1)Q(s, m) 
di  •: arrm 

— P(m0/m, 1) E Q(m/r). (7 3) 
r; 9.0 M 

A random process is characterized by postulating how 
the system can change in an infinitesimal time interval 
At; that is, a "Stosszahlansatz" is made 

l'(r / s, at) = Q(r/s).11 ± order GM'. (74) 

We have discussed in Sections II and V the ap-
propriate transition 
and (55) 

P(m/m — 1, at) 

= (a, -I- al + (02 + • 

probabilities, and have from (52) 

• • as)m..1/ 

On 
= — Ii 

Tp 

P(M/M + 1, At) = (AL,p,/rp)A1 

am 
P(m/m — 1, At) = 6,1 

7 

P(Miln + 1, At) = ailL„PoAttr, 

P(m/m — 1, At) = amAt/T, 

P(m/m + 1, At) = aAL,P2.11/T„ 

by body and 

Isurface recombination 

and emission 1by diffusion  
across x = 0 (75) 

lb), diffusion 

(across x = L. 

Using (75) and (74) in (73), we find the K.F.P. equa-
tion for this random process to be 

dP  AL, 
— (mo/m,t) = P(mo/m — 1, 1) —  (p. + P0 + P2) dt rp 

P(mo/m + 1, 1)(1 ± 2a)   (m + 1) 
TI, 

AL, 
P(moim, t)[—  (p. + P0 + P2) 

7P 

'(1 + 2a) 
 nt]. (76) 

7P 

The power spectrum of m can be found without solv-
ing (76). (It can be solved, but we will not use its solu-
tion.) We do this by finding the correlation function 
and using the Wiener-Khintchine (W.K.) theorem" to 
obtain the power spectrum from the correlation func-
tion. Proceeding, 

p(m, 1) = (m(0)m(t)) — (m)2 correlation function of m 

= 2., w(mo)Pcmoitn, omom — 002 
MO  M 

= w(momoonono, — (m)2 
rft0 (77) 

For stationary processes, 

P(mo, toimoto) = P(mo/m, 1) t = 11 — to 
G( m2) = 4 f  t) cos 2rftdt power spectrum 
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of m (W.K. Theorem), 

d where 

(m(mo, t)) = E Pcmoim, om conditional ay. of m 
00 

in (m(mo, 0)) = mo  (m(mo, ao)) = (m) 

(n) = E w(n)tn  stationary average of m. 

(78) 
G( m2) = (Am2)4 f e-t/T' cos cut&  (86) 

(79) 

From the K.F.P. equation we obtain a differential equa-
tion for (m(mo, 1)); 

dP 
— (m(mo, t)) = L, — (mo/m, t)m 
dl  „, dt 

/30 = N ero / kr , 

(1 + 2a) 
  (m(mo, I)) 

p 

AL, 
±   [P. + Po ± P21 

rP 

P2 =  p„ as in (26). 

(80) 

Equation (80) bears a close relation to (21), as discussed 
in Section II. 
The stationary average value of m is by (80); 

— (m(mo, cc )) = 0 
dt ALpp. a(eq"kr ±  1)1 

(m(mo, ")) = (m) = T L (1 + 2a)  J 
= AL„P, (81) 

in agreement with (27). 
It is convenient to use the deviation from the equi- • 

librium value; 

Am = m — (m),  Amo = mo — (m).  (82) 

Equation (80) then is 

(1 2a) 
— (Ant(..Smo, 1)) =  (Am(Amo, t)),  (83) 

whose solution is 

(Am(Amo, 1)) = Amoe-iw 

= +  2a, as in (39). 

From which, using (77), we find the correlation func-
tion to be 

gm, 1) =  
(Alio) = E w(n)(m _  = (n).  

(84) 

(85a) 

(85b) 

That (Am2)= (m) can easily be shown by writing 
down the second-moment equation from the K.F.P. 

, equation. 
The power spectrum of m is found using (78) and 

(85a). 

= 4r'(Am2)   
1 + (cor')2 [  1 1 

It is interesting to note that no noise voltage or cur-
rent generators enter the K.F.P. equation or (80) for 
the conditional average. 
We can only sketch briefly the transformation to the 

Langevin formulism, referring interested readers again 
to reference25. The Langevin equation (or circuit equa-
tion) is (see Fig. 3(b)) 

q— Am(t) — LI01 + A/13 =  A/01N  MioN;  (87) 
dt 

from (40) and a similar equation for A/13, we have 

aq 
ti/oi(t) = — Ant(i), 

D, = Lp2r„, 

(1 + a)q 
Aria =  Arn(t) 

Am = ALAI), 
(88) 

Note that APo= 0 since there is no applied ac voltage. 
Vo is involved only in the stationary conditions (81). 
A/oiN (t) and A/i3N (t) are the current noise generators 

of Rol and R13, respectively. Our problem is to find ex-
pressions for thf power spectrum of 6,/oiN(t)  and 
6,/j3N (t). 
To find G(A/201N) and G(A/213N) we translate (87) to 

the frequency plane by considering Am(t) for a very 
hng time To and taking Am(t) = 0 outside the time inter-
val. Then we can develop the resulting function into a 
Fourier Integral; 

400 
Am(t) = f  dj11(f)e2rfe.  (89) 

Similarly, for the noise current generators, 

+. 
AloiN(t) =  f df B(f)ei2rig 

13.v(t) = 
r+00 

dfC(f)e'2'0 . 

(90 ) 

Substituting in (87), we have 

+** R ico-1- — 1+2 1 O W— 13(f) — C(f)] df  =0.  (91) 

Now taking the limit as To—, 01) and defining, 

2 
G(Am2) = lim —1 A(f)1 2 power spectrum of m 

Tr.., To 

2 
G(A/201/q) = lhn —1 B(f)12 power spectrum of A/oIN (92) 

To 

2 „  
G(A/213N) = lim — I C(i)1 2 Power spectrum of A/13N. 

To 

We get from (90), (91), and (92) 

[02 + (1  2a n 
  q2G(4,m2) G(6,120inf)  G(A1212N).  (93) 

T 
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Now we know G( m2) from our K.F.P. formulism, 
and it is given in (86). 

If there were only one noise generator to be found, 
the solution of (93) would be trivial. With two gener-
ators to be evaluated and only one equation the solu-
tion is somewhat more involved. The solution to this 
apparent difficulty is that the mean-square fluctuation 
in m(Am2) must be independent of the frequency spec-
trum of the fluctuations. Therefore, if we consider that 
one branch is of very high resistance, for example 
R13--,00, then the fluctuations in m occur through 
Rol. We then go back to the K.F.P. equation and find 
the power spectrum of m for this case. It will not be the 
same as for R13 finite, although (Am') will be inde-
pendent of the spectrum. Considering then R13-4 CC, 
that is, we assume temporarily that recombination and 
diffusion across x=Lp are considered small compared 
to diffusion across x=0. We then have 

a 
R01, 1)) = - — (.1m(Anto, Rot, 1))  (94) 

dt 

and 

Tp 

4(r„/a)(Am2) 
G(Am2, R01) -   

± itorp\2 

k a / 

(95) 

We see that the spectrum has changed, but the mean-
square fluctuation in m 

1. G(Am2, Roi)df = (Am') (96) 

is independent of the new time constant rp/a. 
The appropriate Langevin equation (on the frequency 

plane) with R13= CO is 

a 2/Tp 21,72G(Am 2, R01) = G(. /201 N ). 

Solving for G(APotN), using (95), we have 

G(A/201N) = 4aq2(Am2)/r„. (98) 

Similarly, we find 

4q2(1 + a) 
G(Aria.v) =   (zn o). 

7/, 

(97) 

(99) 

The analogous property of RC circuits in thermal 
equilibrium is that the mean-square voltage fluctuation 
across a condenser is (0)=kT/C, independent of 
the spectrum of ec. Note that we are not assuming ther-
mal equilibrium but only that the fluctuation in m con-
stitutes a stationary random process, so that (Am') is 
a well-defined quantity. 

We can check our expressions for G(A/201N) and 
G(A/213N ) in two ways: First, using them together in 
(93) should yield the correct spectrum and mean-square 
fluctuation for mp and second, in thermal equilibrium 
they should reduce to the Nyquist values. 

Substituting (98) and (99) in (93), we have 

G(.1/201.0 G( /23.) 

(1 -I 2.clyti, [I +  /or„ \21 

T p  ±  2a) 

G(Am1) 

4 (TP- ) Om') 
1 + 2a/ 

/  )2 
1 +   

1 + 2a/ 

which agrees with (86). Note also that 

f 0 

G(Am2)lf = (Am2). 

(100) . 

(1011 

The sccond check can be made by substituting from 
(43), (44), (45), (81), and (85b) into (98) and (99). 
This leads to expressions for G( I201) and G(A/213.0 
in terms of R011 R13 and the quiescent voltages. 

G(.11201.v) = 
4k7' [(1 + 2a)e-o(vo-voior 

Ro, 

4k7' 
G(A/212.v) =   ' 

R 13 

(1 a) 

and at Vo= V1=0 we have the Nyquist result. Our 
analysis has carried us beyond the Nyquist formula 
since (102) and (103) can he used when steady currents 
are flowing, and it is clear that deviations from the 
Nyquist law occur. 
We are now in a position to use the equivalent cir-

cuit, Fig. 3(b), with the noise current generators (102) 
and (103), to find such quantities as the available noise 
power in a load resistance connected across terminals 
0-g and the power spectrum of the noise observed at 
this point. 

APPENDIX B 

Inclusion of the Effects of Electron Conduction in the p 
Region 

Our analysis has only considered hole conduction in 
the n-region. Shockley has shown that electron conduc-
tion in the p-region is simply an additive effect to the 
hole current. The noise resulting from concentration 
fluctuations of electrons is statistically independent of 
the hole fluctuations and the analysis would follow the 
same lines as in Sections 11-\71 and Appendix A. We 
then have for our equivalent noise generator 

GA' (Ai 2„)df = 
4kT p + a ± aeg "kr i 

RN L (1  2a)egvolkr J 
1/RN - A a 2,1p DtveqW0 I kr 

kTLN 

LN 
C N = q2n,  eqvcokr. 

2kT 

(104) 

Adding the noise generators and the admittances, we 
have 
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4(112..)  Gi,(a2„) 

= 4kT r + a + aegvoikri  L I_  1  ),if 
(1+  2a)o voikr  R p Rs 

1 A q2 pnD pe qVol kT 

—  =   

29 kTL, 

7, = q2Pnegv"r1.,/2kT 

(105) 

= (see sections 2 and 3 of footnote reference 20 for 

expressions for C7), 

here we have added the capacitance of the transition 
gion, Cr. Finally, we have Fig. 5 as an equivalent cir-
lit that can be expected to describe the electronic 
>ise of a p-n junction over the frequency range 
--01/27rrp. 

APPENDIX C 

Poise Figure of a p-n Junction Transistor and of a Point-
ontact Transistor 

The noise figure of a p-n junction transistor as deter-
ined by electronic fluctuations can be accurately 
/aluated by use of the equivalent circuit of Fig. 5 for 
tch junction and by following the procedute outlined 
. Section VII. 
We will make a qualitative estimate of the noise figure 
y assuming that the emitter noise current reaches the 
Alector circuit without amplification or loss. The power 
lin of the transistor is then simply the ratio of the im-
edance of the collector circuit to that of the emitter 
rcuit. We assume the collector circuit to be biased re-
erse, and the emitter forward. 
We calculate the noise figure by first finding the noise 
ower in a matched load in the collector circuit resulting 
on the noise of the two p-n junctions. (\Ve neglect 
ther ohmic noise sources as discussed in Section VII.) 
!sing as a signal the Nyquist noise of a resistor equal 
3 R,, the emitter resistance, we then find the noise 
ower in the load. The ratio of these two-powers is the 

Oise figure. 
Proceeding, we have in the collector circuit, using 

105), 

(.11.2) + G(A U) 

.n(I 

4kr F(1 -I-  + aegv.'k'l 

R, L. (1+ 2,„),,,..ikr 
-1kT F(1 + a) + 
Re L (1 + 2f.y)eqrdI:r j 

R VO / kr =  power gain. 

(106) 

(107) 

Now assuming gV,IkT,,1 and gV,1111 1, we have 

Po =16(...\/;') GLIt.') JR,./4 (1(,i) 

4P„) = kr [ 
(1 + 2a) 

(1 + a) 
e viv.iikr 

(1+ 2a) 
(109) 

Assume now a current "signal" at the emitter equal to 

G. = 4kT/R..  (110) 

The "signal" power in the load is 

4kT  R, 
=  X  —  = kTego v,i+Iv.0/kr  (111) 
R.  4 

and the noise figure (N.F.) is 

G(P) 
N.F. (p-n) — 

G.(P.)  L  1+ 2a 

a 

1 + 2« 

A similar analysis for a point-contact transistor can be 
made using Weisskopf's equation (see Section VIII, 
(71)), and we have 

= lie + 1 for a = lie — 1. (112) 

.V.F.(p.c.) f-_%4 1/2. (112) 
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An Experimental Investigation of Transistor Noise* 
E. KEONJIANt, SENIOR MEMBER, IRE, AND J. S. SCHAFFNERt, ASSOCIATE, IRE 

Summary—Transistor noise is discussed in general and methods 
of measurement are presented. Experimental results show that noise 
figures for point-contact transistors are approximately 50 db; for 
junction transistors they may be as low as 10 db at 1,000 cycles. The 
effect of the variation of the dc operating point on noise figures and 
other parameters is discussed. 
It was found that the noise figure of point-contact transistors is 

relatively independent of the de operating point, while for junction 
transistors it may vary considerably with the collector voltage and to 
some extent with the emitter current. 

* Decimal classification: R282.12. Original manuscript received 
by the Institute, March 17, 1952; revised manuscript received June 
25, 1952. 
t General Electric Co., Electronics Park, Syracuse, N. Y. 

INTRODUCTION 

IN RECENT YEARS considerable work has been done on the theory and applications of transistors. 
However, in current publications devoted to trans-

istors, noise considerations receive little or no attention 
despite the fact that these considerations are of first 
importance, for example, if transistors are used in a 
sensitive amplifier. 

In this paper, noise in transistors is discussed and 
methods are given for measuring noise figures and open-
circuit noise voltages together with some experimental 
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!_ results for General Electric point-contact and p-n-p 
L junction transistors. 

I. THE EQUIVALENT CIRCUIT OF A TRANSISTOR 
WITH NOISE 

At the present time, two types of transistors have 
been developed: point contact' and junction." Point-
contact transistors have at present (March, 1952) a 
better frequency response but a high noise level, while 
junction transistors have a considerably lower noise 
level but also a poorer frequency response. Representa-
tive noise figures for these two types of transistors are 
50 db and 15 db, respectively. 
It is convenient to describe the noise of a transistor 

by adding two noise-voltage generators with mean-
square voltages En, and En, in the emitter and collector 
leads (Fig. 1). It is then assumed that the other ele-
ments of the equivalent circuit are noiseless. 

EPIC  r. rc 6. le  E NC 

Fig. 1—Transistor amplifier with noise voltage generators. 

Representative values for E„, and E„, for point-con-
tact transistors are given by Ryder and Kircher as 100µ V 
and 1pt V, respectively, measured at a frequency of 1,000 
cycles for a bandwidth of one cycle. Corresponding 
voltages for junction transistors are smaller. 
Transistor noise differs from thermal noise insofar as 

it is not white noise. The noise power per cycle band-
width due to a transistor varies approximately inversely 
with frequency. 

k/f. 

(A more precise equation would be P„= kf-1.1.) 

The total noise power in a frequency band limited by 
the frequencies12 and fl is then 

2 k 
p,, = f — df = k (Inf2 — In f 

f 

(1) 

.12 
= kin — . (2) 

Corresponding equation for thermal noise would be 

P „ = k'ff2— JO • (3) 

Noise voltages and powers are usually given for a 
bandwidth of one cycle at a frequency of 1,000 cycles. 

1 1 . TIM NOISE FIGURE 

Fig. 2 shows a transistor amplifier. It is assumed that 

R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 
• transistor," Bell Sys. Tech. Jour., vol. 28, p. 367; 1949. 

2 R. L. Wallace, Jr. and W. J. Pietenpol, "Some circuit properties 
. and applications of n-p-n transistors," Pnoc. 1.R.E., vol. 39, pp. 753 - 
• 767; July, 1951. 

a J. S. Saby, "Recent developments in transistors and related de-
, vices," Tele-Tech., vol. 10, p. 32; December, 1951. 

both the source impedance and the load impedance are 
resistive. Neglecting thermal noise originating in RL, 
the noise figure F may be defined as the total noise 
power in the output divided by that portion of the 
output noise that results from thermal agitation in Rg. 
It is customary to express F in db. 

Fig. 2—Transistor amplifier. 

If the mean-square value of the noise voltage meas-
ured across RL is  then the total noise power in 
the output is 

V„,2 

RL 

This is to be divided by that portion of the noise power 
in the output that results from thermal noise in R. 
This noise may be represented by a noise-voltage gen-

erator in series with R. As is well known, the mean-
square value of this voltage is 

E2 = 4kTRg(f2 — f1), 

(4) 

(5) 

where k is Boltzmann's constant 

k =1.347 X10-23  (wattsec per °K) 

and T is the absolute temperature in degrees K. 
If the ratio of the output voltage v2 to the signal volt-

age vp is A = v2I vg , (Fig. 2), then the noise power in the 
output due to thermal agitation in Rg is 

4kTRg(f2— 
I's' =  X Al2.  (6) 

RL 

The noise figure is, therefore 

linc2 

F =   (7) 
4kTR,(f2— fi)Al2 

The noise figures for the three basic types of amplifier 
circuits  (grounded  emitter,  grounded  base,  and 
grounded collector) may be expressed mathematically in 
terms of equivalent circuit parameters and open-circuit 
voltages as follows: 

Grounded Emitter 

F = 1 + 
1 

4kTR,(f2 — 
[En., (R. + rm y rb 

e E.2 
(Rg rbyl 

— 1. 

(8) 
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Grounded Base 

1 
F = 1 +   

4kTR,(f2 — 

[E..2 ED  E.02  ( Ro r„  4)21. 

r., + ra 
Grounded Collector 

F 1    = 1 +  [E Ro  To  rey „.2( 
4kTR,(f2—  To 

ED E 2 (R, rb)21. „.   
To j 

(9) 

(10) 

The addition sign ED in these equations expresses 
"addition with attention to any correlation between 
E„. and E„." If no correlation exists, then this operation 
may be replaced by a simple addition. 
These equations show that the noise figures are inde-

pendent of RL. With respect to Rg, they have a mini-
mum. The values of R, at which this minimum occurs 
are 

(for grounded base and grounded emitter) 

E..2 ] I/2 

R„  rb)2 (rm  rbr 

(for grounded collector) 

E,4. 2 2] I/ 2 

Ra•;i-,[42 ED  
E.,' 

(12) 

Experimental curves for the variation of F and R, 
are plotted in Fig. 3. They show that the dependence of 
the noise figure on Rg is not critical. 
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Fig. 3—The noise figure as a function of Re. 

Therefore, it is customary to give only the minimum 
value of the noise figure with respect to Rg. For the 
measurements of this report, Rg was selected arbi-
trarily as 500 ohms. 
The symbol Fo will be used for the noise figure, meas-

ured at a frequency of 1,000 cycles for a bandwidth of 
one cycle. The minimum noise figure for a bandwidth 
of one cycle at any other frequency is 

,000 
F 0 — 

which is obtained as follows: 
Since V.' is proportional to In f2/fi and the thermal 

noise due to R, is proportional to (f2-11), then the noise 
figure for an arbitrary bandwidth limited by the fre-
quencies12 f 1, is 

In / at 
= F0 1,000 

12 

If f2/f  then 

12  J2 —11 
In — 

and 

(13) 

1,000 
10 • 

The noise figure may, therefore, be considered fairly 
independent of the bandwidth if this bandwidth remains 
relatively small. 

III. THE EQUIVALENT NOISE—VOLTAGE 

For some applications, it is desirable to express the 
noise of a transistor amplifier by an "equivalent" noise-
voltage generator in series with R, (Fig. 4). If this noise 

Fig. 4—Amplifier with equivalent noise source. 

generator is to produce a voltage V., across RL, then 
its rmq value must be 

E„ =  (14) 

This expression may be combined with (7) to give 

E„2 = F4kTR(f2 — f1).  (15) 

If F is replaced by Fo, then, (13)2' 

12 
E.2 = Fo4kTRg 1,000 In — • 

or, if the base of the logarithm is changed to ten and 
numerical values are substituted for k and T, 

f2 
E 2 f-•_=-' 3.6 X 10-"• Rg• Fo log — (yolts2). 

The available power at the input due to ER is (the avail-
able power is defined as the power transferred to a 
matched load). 

E„ 2 

12 Po = — = 0.9 X 10-" X Fo X log — (watts).  (16) 
4R, 11 
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Phis has been plotted in Fig. 5. Equation (16) is ap-
roximately 

0.9 X 10-'7 X Fe- log (1 +  (watts), (17) 

vhere if is the bandwidth and f the center frequency. 
Equation (16) shows that the noise power depends 

m the ratio of the frequencies fl and fi and not on their 
nagnitudes. Equation (17) shows that for a constant 
)andwidth the noise power will decrease as the center 
•requency increases. 

' 

Fig. 5—The available "equivalent noise power." 

For many amplifiers only the noise of the first stage 
will contribute significantly to the noise in the output. 
The signal-to-noise ratio at the output of a transistor 
amplifier is then equal to the ratio of the available 
signal power in the input to the available "equivalent 
noise power" Po (16). 

N  4R,Po 3.6 10-''• R,•Fo• logf2/fi 

where V, is the rms value of the signal voltage. 
Using this equation it is possible to determine the 

maximum permissible noise figure of a transistor for the 
first stage of an amplifier. 
This is illustrated by the following example: Assume 

that the available signal power is 10-8 watts in a band 
from 50 cycles to 5 kc and that the signal to noise ratio 
is 40 db. Po must, therefore, he less than 10-'2 watts. 
For f2/f1=100 this corresponds to a maximum per-
missible noise figure of 48 db (Fig. 5). 

V,' 
(18) 

IV. NOISE MEASUREMENTS 

A. Measurements of Open-Circuit Noise Voltages 

To measure the open-circuit emitter and collector 
noise voltages, the transistor under test is biased to the 
desired dc operating point through chokes having prac-
tically infinite impedances at all frequencies of interest. 
The emitter and collector noise voltages are measured 
by means of a General Radio wave analyzer, having a 

bandwidth of four cycles Q connected through a cathode 
follower to the input and output terminals of the 
transistor. 
The meter of the wave analyzer showed slow random 

fluctuations that made the reading of the noise voltages 
difficult. In order to facilitate the measurements, it was 
found convenient to increase the time constant of the 
dc amplifier of the wave analyzer and to place a large 
capacitance (2,000 /IF) across the meter. 

B. The Measurement of Noise-Figures 

For the measurement of noise figures, techniques 
similar to those used for vacuum-tube amplifiers may 
be employed. One of the most common of these methods 
is the following: A noise generator in series with R, is 
connected to the input of the transistor. (Fig. 6.) 
With the generator turned off, the noise power at the 

output is measured. Then with the noise generator 
turned on, its voltage level is adjusted so that the power 
at the output of the transistor is doubled. 
If the corresponding rms voltage of the noise gen-

erator is Eo, then the noise figure is 

Vo2 
F=   

4kTR,(f2— f1) 

The noise figures May also be measured by the follow-

ing method: 
The noise generator in Fig. 6 is replaced by a signal 

generator and the rms value of the noise-voltage across 
RL, corresponding to a bandwidth (fs—fi), is measured. 

NOISE GEN 

TRANSISIOR 

Jr 

FILTER AMPL WIER 

Fig. 6—Circuit for the measurement of noise figures. 

Then the ratio A1=v2/v, of the transistor amplifier is 
measured by conventional methods where v, is the out-
put voltage of the signal generator. From these two 
measurements, the noise figures may be determined as 

V.' 
F=  

4kTR„(f2—• fi)• Al2 

For the measurements reported in this paper the 
second method was used. The source impedance R, 
was selected as 500 ohms, the load impedance as 10,000 
ohms. The measurements were carried out at a fre-
quency of 1,000 cycles and a bandwidth of 4 cycles. 
Equations (8) to (10) show that the noise figures for 

grounded-base and grounded-emitter amplifiers are ap-
proximately equal. The average difference for a large 
number of transistors was found to be 1 db. Therefore, 
it is unimportant which type of amplifier is used for the 
measurement of the noise figures. 
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Fig. 7 shows the variation of the noise figures with 
frequency for two transistors. These curves agree quite 
well with (13). No measurements were made at frequen-
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Fig. 7—Transistor noise figure versus frequency. 

cies higher than 15 kc since no equipment for such 
measurements was available. This was true also for the 
measurement of the open-circuit noise voltages. 
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Fig. 8—Transistor noise versus operating point. 

15 

Fig. 8 shows the variation of the noise figures of 3 
typical transistors with collector current and collector 
voltage. It was found that for most transistors the noise 
figure increases with the collector voltage in the manner 
shown by transistor #684 of Fig. 8. For some transistors, 
however, the noise figures seem to be almost independ-
ent of the collector voltage. Transistor #677 shows this 
behavior. 
It is of interest to know how the other parameters of 

transistor (a, r6, rb, r0, and C) vary with the dc operating 
point. Figs. 9 and 10 show these variations for the 
transistors for which the noise figures were plotted in 
Fig. 8. As may be seen, r, increases with V., but de-
creases as /,, increases, while the parameter a remains 
constant for all IT, and I. values from 1 to 5 volts and 
0.5 to 1 ma, respectively. The parameter r, is to a first 

approximation independent of the collector voltage V„ 
but decreases with increasing I., ranging from 110-130 
ohms at 0.2 ma down to 10-20 ohms at 2 ma. These • 
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Fig. 9—Transistor parameters versus collector voltage. 

curves show that the parameters of the equivalent 
circuit, as well as the noise figures, vary considerably 
with the dc operating point. 
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Fig. 10—Transistor parameters versus emitter current. 

All these measurements were made on a limited num-
ber of experimental transistors of the p-n-p type de-
veloped at the Electronics Laboratories of the General 
Electric Company. Accordingly, they may not be rep-
resentative of all types of junction transistors. 
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Transistor Noise in Circuit Applications* 
H. C. MONTGOMERYt 

Summary—Linear circuit problems involving multiple noise 
ources can be handled by familiar methods with the aid of certain 
oise spectrum functions, which are described. Several theorems of 
eneral interest dealing with noise spectra and noise correlation are 
erived. The noise behavior of transistors can be described by 
iving the spectrum functions for simple but arbitrary configurations 
f equivalent noise generators. From these, the noise figure can be 
alculated for any desired external circuit. Illustrative information is 
iven for a number of n-p-n transistors. 

INTRODUCTION 

A
SPECIFICATION of the properties of any trans-
mission device to be complete must include 
information regarding the way in which it con-

ributes background noise to a signal it transmits. In 
:eneral, the noise behavior of such a device depends on 
:ertain properties of the device itself, and also on the 
:ircuit impedances with which it is terminated. In ap-
)lications where noise is an important factor in per-
ormance, it is usually of interest to be able to determine 
.he circuit conditions leading to the optimum signal-
.0-noise ratio. 
Simple circuit problems involving sources of noise 
:an often be handled on an intuitive basis by regarding 
:he noise as a group of sinusoids closely spaced in fre-
luency. \\Then the circuit contains several independent 
iources of noise the contribution of each can be calcu-
ated independently and then combined on a mean-
iquare basis, to give the total noise. However, in more 
:omplicated problems, especially those involving partly 
:oherent noise sources, the intuitive method becomes 
Inwieldy and a systematic approach is desirable. 
The noise behavior of a transistor can be represented 
3y a pair of fictitious noise generators associated with 
the input and output terminals, according to a theorem 
hie to Peterson and described later in this paper. Since 
these noise generators need not have the actual internal 
zonfiguration of the noise sources, they are in general 
partly coherent. The noise produced by the transistor 
in connected circuits may be calculated from the proper-
ties of the fictitious generators. This is the sort of 
problem which, in the general case, is not easy to work 
out by intuitive methods, but which is very straight-
forward with the systematic approach to be described. 
The method of handling linear circuit problems in 

noise will be developed first. It consists essentially of 
defining certain functions for describing noise currents 
and voltages which can be manipulated in circuit equa-
tions in the same manner as the complex steady-state 
currents and voltages of familiar circuit theory. This is 
followed by a number of useful theorems and relations 

'' Decimal classification: R282.12. Original manuscript received 
by the Institute, August 11, 1952. 
I Bell Telephone Laboratories, Inc., Murray Hill, N. J. 

based on this type of analysis, which are of a quite 
general nature. The final part deals with specific appli-
cations to transistor problems, including methods of 
representing noise behavior, conversion formulas, and 
noise data on a limited number of junction-type tran-
sistors. 
Throughout the paper it will be assumed that we are 

dealing with stationary noise processes, by which we 
mean that the statistical properties which are used to 
describe them do not change with time, except for sta-
tistical fluctuations which tend to decrease as the time 
interval of averaging increases. The discussion will be 
limited to linear circuit problems. Except as occa-
sionally noted, there is no implied restriction to Gaus-
sian noise processes. 

1. DEFINITION OF IMPORTANT NOISE FUNCTIONS 

The functions required to describe the behavior of a 
system of noise currents and voltages are a power 
spectrum for each noise and a cross spectrum for each 
pair. The power-spectrum concept is quite familiar. The 
cross spectrum is less well known, although it is gen-
erally recognized that the result of adding two noises 
depends in an important way on the degree of coher-
ence between them. The coherence properties are con-
veniently described by the cross spectrum. As a basis 
for establishing the important properties of these spec-
trum functions, we shall give an analytical derivation 
starting with the time function representing the noise 
disturbance. 
Suppose y(t) is the time function which represents a 

noise current or voltage. We may define a Fourier 
spectrum over any finite time interval by 

t+T 

Si(f) = (2T)--'12 f  yi(t)e—"ritdt.  (1) 

By a suitable smoothing along the frequency axis (dis-
cussed in the Appendix) we obtain a complex function 
of frequency the square of whose magnitude is the 
power spectrum 

Pa) = aver 1 Si(f)12 = aver Si*St,  (2) 

where the star denotes the complex conjugate. The angle 
of the S function is distributed at random, and does not 
constitute a significant description of the properties of 
a single noise. 
From this definition it is seen that the term power 

spectrum is to some extent a misnomer, since it is a 
description of the statistical properties of a noise cur-
rent (or voltage). However, it is the power which would 
result if the noise current (or voltage) were applied to a 
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resistance of one ohm. The appropriate units arc am-
peres squared (or volts squared) per unit bandwidth. 
The cross spectrum between two noise currents is de-

fined as 

P12(f) = aver Si*S2, (3) 

where suitable smoothing of both magnitude and angle 
along the frequency axis is assumed. This is a complex 
function of frequency, whose existence depends on 
there being a systematic phase relation between S1 and 
S2, which in turn implies an element of colference be-
tween yi and 3/2. 
The cross spectrum can be measured by sending the 

two noise currents through identical narrow-band filters 
and applying the 'outputs to a device, such as a dyna-
mometer, which indicates the product of the instantane-
ous values. The average reading of this device is the real 
part of the cross spectrum at the frequency passed by 
the filters. The imaginary part is found by shifting the 
phase of one of the noise currents by 90 degrees. Al-
ternatively, the magnitude and phase can be deter-
mined directly by adjusting the phase of one current 
until a maximum reading is obtained from the product 
device. The equivalence of this procedure to the ana-
lytical definition may be seen by resolving correspond-
ing long portions of each noise current into Fourier 
series, and considering the products of the terms in the 
two series (as discussed in the Appendix) 

or many purposes it is convenient to use a normal-
ized form of the cross spectrum, given by 

P121(f) = Pi2/(PIP2)"2. (4) 

This function is closely related to the correlation be-
tween the noise currents in a narrow frequency band, 
which may be seen as follows: 
The correlation between two noise currents xi(t) and 

x2(t) is defined as 

r12 = xix2/(x1.2.x22)"2. 

Suppose that xl and x2 are the currents which result 
when the noise currents yi and y2 are passed through 
the pair of identical filters used to determine the cross 
spectrum. From the method of measuring the cross 
spectrum it is evident that the real part of the normal-
ized cross spectrum is the correlation between the noise 
currents yi and y2 in a narrow band at frequency f. 
Similarly, the magnitude of the cross spectrum is the 
maximum correlation which can be achieved. This will 
be referred to as the intrinsic correlation p12, and is real-
ized by shifting the phase of one noise current by the 
angle of the cross spectrum at the frequency in question. 
Thus we may write 

ri2 = actual correlation = real part of P121, 

= intrinsic correlation = magnitude of P12°. 

(5) 

(6) 

An extensive discussion of the power spectrum and 
related matters, with many references, is given by Rice.' 

1 S. 0. Rice, "Mathematical analysis of random noise,' Bell Sys. 
Tech. Jour., vol. 23, pp. 282-332; July, 1944 and vol. 24, pp. 46-156; 
January, 1945. 

The cross spectrum is discussed by Phillips,' and t 
mathematical background is treated in great detail b 
Wiener.' 

2. USE OF NOISE FUNCTIONS IN CIRCUIT EQUATION 

Conventional steady-state circuit theory is based o 
linear equations giving the relations between compl 
quantities which describe the magnitude and phase 
sinusoidal voltages and currents. These relations a 
stated in terms of complex impedances, admittance 
or transfer functions. We will now show that the sam 
circuit equations can be used to describe the noise b 
havior of a system merely by substituting the S func 
tions of the preceding section for the steady-state corn 
plex currents or voltages. 
We note first that for the system of noise currents 

33(1) = yi(i) + y2(1), 

it follows directly from the definition (1) of the S fun 
tion that 

Sa(f) = S1(f) ± S2(1). (7) 

This is parallel to the relation for steady-state sinusoidal 
currents, where in complex notation 

/3 =Il -I- 12. 

Thus, the additive property of the complex S functions 
is established. 
A second basic relation deals with the effect of com-

plex impedance, admittance, or transfer operators on 
the S functions. If yn(I) is the noise current which re-
sults when yA(l) is passed through a linear network 
having a complex transfer constant A(f), it follows that 

S (f) = AWSA(f). (8) 

This relation was pointed out by Fry', and is discussed 
by Phillips2 and Guillemin." This is parallel to the 
steady-state complex relation 

= AflJ.. 

These two properties are sufficient for all the operations 
of linear network theory. Hence it is possible to use the 
S functions in circuit equations in place of steady-state 
voltages or currents. 

In order to distinguish easily between noise currents 
and voltages, we shall introduce the notation 

I = S(f) for a noise current 

V = S(f) for a noise voltage. (9) 

The bold-face notation will distinguish noise functions 
from sinusoidal or dc functions. i 

R. S. Phillips, "Theory of Servomechanisms," Rad. Lab. Series, ' 
McGraw-llill Book Co., Inc., New York, N. Y., chap. 6; 1947. 

3 N. Wiener, "Generalized harmonic analysis," Ada Math., vol. 
55, pp. 117-258; 1930: also N. Wiener, "Interpolation, Extrapolation 
and Smoothing of Time Series," John Wiley and Sons, Inc., New 
York, N. Y.; 1949. 

4 T. C. Fry, "The solution of circuit problems," Phys. Rev., vol. 
14, pp. 115-136; August, 1919. 

6 E. A. Guillemin, "Communication Networks," vol. II, chap. 
XI, John Wiley and Sons, Inc., New York, N. Y.; 1935. 

Lt • 
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The general procedure for linear circuit problems is 
I write the circuit equations in the same form as for a 
f*!ady-state situation, using noise spectra / or V for 
te noise currents or voltages. The equations are manip-
wed in the customary manner, and usually as a last 
E:p desired power and cross spectra are obtained by ap-
lying definitions (2) and (3) of these functions. 

3. THEOREMS OF GENERAL INTEREST 

Several relations will now be derived which are gen-
oily useful in circuit work involving noise. These will 
st:34 serve to illustrate the procedure described in the 
ieceding section. 

,idition of Noise Voltages or Currents 

Suppose that two sources of noise voltage having 
pwer spectra P1 and P2 and a cross spectrum P12 are 
laced in series. We wish to find the power spectrum 
., of the resulting voltage. The equation of instantane-
its v6ltages is 

v3(1) == z1(1) A- 7:2(1). 

.-om relation (7), and using the notation (9), we see 
lat the relation of voltage spectrum functions is 

172 = 172. 

'aking a product with the complex conjugate, and using 
) and (3), 

V3* 1/3 = V15 1/1 + I/J*172 + V2* 1/1 ± V2* V2 

P3 = PI + P12 ± P21 ± P20 

rom (3), (4) and (5) it follows that 

P21 = P12* 

PI2 P2I = 2 X real part of 

= 2(PIP2)' 12r12. 

sing this relation, it is seen that 

P3 = PI + P2 + 2(P1/32)"2r12, 

P12 

(10) 

(11) 

hich is a simple and fundamental relation. A relation 
entical in form would result if we had started with 
tree noise currents. 

heorem on Terminal Noise in a Three-Terminal Net-

.9rk 

Relation (10) may be used to establish a useful theo-
:m relating the terminal voltages or currents in a three-
rminal network containing noise sources. Referring to 

le two networks of Fig. 1 we see that 

ti(i)  v2(1)  va(1) = 0, 

it(I)  i2(1) -1- i3(1) = 0. 

,xcept for a change in one sign, which is of no conse-
.,ience in this case, each of these equations is like the 
Illation of the preceding section, and it is easily veri-
['II that the power-spectrum relation in either case is 
list (11). This closely resembles the formula for one side 
1: a triangle in terms of the other two sides, and the 1teluded angle  

V3 OR  13 

X32 = X12 + X22 — 2)(1)(2 cos O. 

The power spectrum at frequency f is proportional to 
the mean-square voltage or current in a narrow band 
about f. Hence the root-mean-square noise voltages or 
noise currents may be represented by the sides of a 
triangle, where the correlation between any two is the 
negative of the cosine of the included angle, as shown 
in Fig. 1. The sign of the correlation will be as stated 
if one uses the sign conventions shown in Fig. 1 for the 
currents or voltages. 

it 2 

Fig. 1—Relations between terminal noise voltages or currents. 

From this representation it can be seen that (a) if 
two voltages and one correlation coefficient are known 
the third voltage and the other two correlations can be 
calculated; (b) if one voltage and two correlations are 
known the other items can be calculated; (c) if all three 
voltages are known, all three correlations can be calcu-
lated; and (d) if one voltage is much smaller than the 
others, the others must be almost equal and almost 
completely (negatively) correlated. The last relation ap-
plies to transistors, where the open-circuit emitter-base 
noise voltage is usually less than one per cent of the 
collector-base voltage. 

Simple Circuit Relations 

Consider the case of a network of several meshes, 
containing independent noise sources I, /2 • • • for 
which we know the power spectra P1, P2 • • • . Since 
the sources are independent, the cross spectra P12, 
P23 • • • are all zero. The resulting noises in two meshes, 
A and B, are given by 

= AlIl +  A211 +  • • • 

In = /31/1 + 13212+ • • • , 

where the A's and B's are complex transfer functions. 
We wish to find the power spectra of /A and In and the 
cross spectrum between them. 
For want of a general symbol, we have used /'s in 

this example to represent either noise voltages or cur-
rents or some of each. Hence the A's may be imped-
ances, admittances, or transfer ratios, as may be ap-
propriate. 
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From (2) and (3) it is straightforward to show that 

PA = I Ad 2P1 +1 A2I 2 1)1 + • • • 

= I B1121'1 +1 B22112 + • • • 

I) = B1P1  A24'1321)2 + • • • 

= A 1BI I + I A2B2I ea'21)2 + • • • 

where 0; is the angle of Bi, minus the angle of Ai. 
A special case of this relation may be used to estab-

lish the following theorem: If two noise currents (or 
voltages) are compounded partly of a common source, 
and partly from independent sources, and if a is the 
fraction of power in the first due to the common source 
and 13 the fraction of power in the second due to the 
common source, then the intrinsic correlation between 
the two currents is the geometric mean of a and 0. 
This theorem gives some insight into the significance 
of correlation between noise currents. Let 

IA = A111 -I: A010 

IB = B2I2  13010. 

Then 

PA =I AlI 2P1 +I A01 2P0 

PB = B2I 2P2 +1 BOI2P0 

P m / =  A o*Bop ol( pA p n )1/2 =  (42(3)1/2eiy, 

where 

a =I Aol 2P0/PA 

=I Bol2Po/ Po. 

7 is the difference in angle of Bo and Ao. 

Since by (6) the magnitude of PAD' is the intrinsic cor-
relation between IA and In, the theorem is established. 
Another relation which will be used in Section 4 for 

interpreting the conversion formulas for equivalent-gen-
erator representations follows. Let 

IA = Alll + .42/2 

/8 = /31/1 + B2/2, 

where, in contrast to the earlier example, II and /2 are 
not necessarily independent. Then, by a similar pro-
cedure, 

PA = I A1121'1 +  I A2 2p2 -I- 2 real part (Al",42P12) 

PB = I B11 21)1 ± I B2 I 2P2  2 real part (Bi*B2P12) 

PAD = Al*B1Pl  Al*B2P12  A2*B1P21 + A2*B2P2* 

which gives all the spectra of IA and IB in terms of the 
spectra of the component sources 1i and /2 and the 
cross spectrum. 
A second useful theorem may be established by con-

sidering a special case of the above relation. The in-
trinsic correlation between two noise currents (or 
voltages) is not changed by passing one or both currents 
through linear networks; the actual correlation is not 
changed by passing one or both currents through linear 
networks having real transfer functions. To show this, 

(12) 

let 

14 

IB 

= Al 

= 1312, 

Novemb l 

where 11 and /2 are not independent. Then from (12) 

"2 = ABI Pl2ei7/ (PA PDP " PA B  A *BP12/(PA Pli) 

= Pa' ei7, 

which shows that the magnitude of the two normalized 
cross spectra is the same, and the angle is changed by 7,• 
the difference in angles of the two transfer functions. 
Hence the theorem is established. 

Peterson's Equivalent Noise Generator Theorem 

A theorem on the use of equivalent noise generators! 
which is of great milk y in circuit problems was appar-
ently first stated by Peterson in an unpublished memo-
randum dated August, 1943, referred to briefly in a 
published article6 and restated ill an unpublished ! 
mein or Ill( I ni m in 1949, from which we quote. 
"It is well known that the signal performance of a 

linear active four-pole is completely determined by four 
parameters, which depend only on the internal struc-
ture of the four-pole. In order to describe the noise 
performance of the network two additional intrinsic 
parameters are needed, thus making six in all. These two 

additional parameters may take the form of two fic-
titious noise generators, one of which is placed in series 
with the input mesh and the other in series with the 
output mesh of the four-pole, which in this representa-
tion is itself entirely noiseless. This particular equiva-
lent noise circuit is most suitable when used with the 
open-circuit signal parameter set. On the other hand, if 
the signal parameters are taken as the short-circuit 
admittance set, it is more convenient to select the noise 
parameters in the form of two noise currents impressed 
across the input and output terminals respectively." 
It may be'noted that the four transmission parame-

ters are in general complex, so that eight real quantities 
are required to specify them. Likewise, the two noise 
parameters require two (real) power spectra and a 
(complex) cross spectrum to specify them, so that four [ 
more real quantities are involved, making a total of 
twelve. 

Peterson's proof consisted of writing mesh equations 
for the noisy device and also for the quiet device and 
showing that there is a unique relation which insures 
equivalence. We shall give a somewhat different proof 
which has the advantage of making ilo assumptions 
regarding the internal structure of the networks (other 
than linearity of transmission properties) and of show-
ing quite clearly what sort of statistical properties of 
the noise sources must be equated to make the networks 
equivalent. 

Consider three linear networks NI, N2, N3 which have 
identical transmission properties in both directions for 

L. C. Peterson, "Signal and noise in microwave tetrode," PROC. 
I.R.E., vol. 35, pp. 1264-1272; November, 1947. 
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!xternal signals. N1 is the given network having internal 
;ources of noise. N2 is a noise-free network with a voltage 
enerator in series with the input terminals and another 
n series with the output terminals, each generator 
)roducing a voltage instantaneously identical with the 
yen-circuit voltage at the corresponding terminals of 
A71. N3 is a noise-free network with generators whose 
voltages may not he identical with, but have similar 
statistical properties to those of N2. By a straightfor-
ward extension of Thevenin's theorem, networks N1 
and N 2 must supply identical currents and voltages to 
similar terminating impedances. Because of their iden-
tical transmission properties, N2 and N3 must supply 
currents and voltages with similar statistical properties 
to similar terminating impedances. Hence the same 
must be true for N1 and N3 which establishes the theo-
rem. In particular, if the generators of N3 have the same 
power and cross spectra as the open-circuit voltages of 
NI, then the two networks will be equivalent in noise 
begavior for all linear circuit applications. 
A similar theorem for short-circuit noise currents can 

be proved in an analogous manner. 
The theorem is stated and proved for linear net-

works. It may often be usefully applied to small signals 
in nonlinear networks, a procedure which is well known 
and much used in transmission problems. In making 
such an application one must certainly satisfy the usual 
criteria for linear behavior with respect to externally 
applied small signals, but this is not sufficient. When 
the device contains internal sources of voltage or cur-
rent, one must also be sure that the small-signal require-
ments are satisfied internally and that the external con-
nections do not appreciably affect the generation 
mechanism.' Although no cases have been found experi-
mentally where noise behavior of transistors was not 
correctly predicted by small-signal theory, this possi-
bility should not be overlooked, particularly with small-
bias values and circuit connections providing large 

amounts of feedback. 

4. NOISE BEHAVIOR OF TRANSISTORS 

Two different methods of describing the noise proper-
ties of transistors have been found useful. The first is 

i in terms of equivalent noise generators, as described in 
s the preceding section. This is the most compact way of 
I giving a complete description of the noise properties. 
For linear circuit problems, a suitable description con-

• sists of the power spectra of two equivalent generators 
I and a cross spec trum between them. These will be 
1 functions of two dc bias parameters, but independent 
a of the external circuit impedances. The second method 
makes use of the noise figure, which is a simple and 

) direct index of the noise behavior of the device as an 
• amplifier. It depends on frequency and the dc bias 

parameters, and also on the generator impedance to 
I which the device is connected, but is independent of the 
Iload impedance. The noise figure can be easily calcu-
lated from the equivalent-generator description. The 

7 These considerations were pointed out by W. Shockley. 

I. 

reverse process, while possible in principle, is not readily 
accomplished in practice. 

Equivalent-Generator Representation 

There are at least a dozen ways in which two voltage 
or current generators may be associated with two of the 
three pairs of terminals of a transistor to produce an 
equivalent noise network. These are equally general in 
their ability to represent the noise behavior. Thus it is 
clear that the ability of an equivalent network to com-
pletely represent the noise behavior of a transistor is no 
indication that it resembles the physical configuration 
responsible for the noise. It is possible to secure more 
elaborate representations by using generators at all 
three terminals, or by using both a voltage and a cur-
rent generator at each pair of terminals. A choice be-
tween the various configurations depends on several 
considerations, such as (a) the simplicity of the repre-
sentation with respect to the sort of spectra obtained, 
the correlation between the noise generators, and the 
variation of the noise parameters with dc bias values; 

(C) 

Fig. 2—Representations of noise behavior by 
equivalent-noise generators. 

(b) 

(b) the ease and accuracy with which the noise parame-
ters can be measured; (c) convenience for calculating 
external-circuit behavior; and (d) degree of correspond-
ence to the actual physical noise mechanism. For-
tunately, it is not difficult to convert from one form of 
representation to another, and methods of doing this 

are described in the following. 
Some representations used or seriously considered are 

shown in Fig. 2. The one which has been used most ex-
tensively to date is that of Fig. 2(a), which will be re-
ferred to as the V—V representation, since it makes use 
of two low-impedance noise-voltage generators placed 
in series with the emitter and collector terminals. The 
generator V. is equated to the noise voltage between 
emitter and base in the transistor, and V. to that be-
tween collector and base, with all terminals open cir-

cuited. 
The I—I representation of Fig. 2(b) makes use of two 

high-impedance noise-current generatov I. and I. 
equated to the emitter-base and the collector-base noise 
currents of the transistor, with both pairs of terminals 
short circuited. 
A third representation, shown in Fig. 2(c), is a mixed 

system, designated V-1. It uses a voltage generator V1 
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in series with the emitter terminal and a current gen-
erator /2 connected from collector to base. These are 
equated to the corresponding noise voltage and current 
in the transistor, with the emitter open circuited and 
the collector shorted to the base. It should be noted that 
in general V. is not equal to vi, nor is I. equal to 12, 
because the opposite-end terminating impedance is dif-
ferent in both cases. 

I3efore writing the conversion formulas between the 
various representations it will be useful to summarize 
some of the methods of representing the transmission 
properties of a three-terminal network. In terms of open-
circuit impedances 

VI = ZII/1  Z12/2, 

12 = Z21/1 + Z22/2. 

The Z's are simply related to the equivalent-T parame-
ters often used to describe transistors. 

Zn = R, + Re, 

Z2I = R. + Rb, 

ZI2 = Rb. 

Z22 = R. + Rb. 

In terms of short-circuit admitances, 

11 =  Yll  +  17 12 4 

/2 =  Y21  +  Y22 I/2. 

A mixed system which is especially suited to the V—I 
noise generator representation is 

= Hai //12V, 

/2 = H2111-1- 11 22 17 2. 

With the exception perhaps of the last, these systems of 
parameters are well known. Relations between them are 
given by Guillemin.8 

The conversion formulas between the three equiva-
lent noise-generator representations can be written 
down by inspection in terms of the transmission parame-
ters. The relation between the V—V and the I—I systems 
is seen to be 

V. = Z111.. + ZI2Ier 

Ve = z211. + Z221, 

The converse relation is 

I.= 1-11Vb + 

I.= 1721V. 

The relation between the V—I and the V—V systems is 
given both in terms of the Z's and the H's. 

Vi= V.— (Z12/Z22)V. = Ve— 

12 = (1 / Z22)V. J122V. 

The converse relation is 

V. = V1 + Z1212 = (I112/I1n)12, 

V. = Z22/2 =  (1/ 1122)12. 

(13) 

It will be seen that all of the conversion formulas at 
of the form of the circuit equations leading to th 
spectrum relations (12). When the power spectra an. 
cross spectrum for one equivalent-generator representa 
tion is known, the corresponding spectra and cros 
spectrum for another representation can be calculate( 
from relations (12), where the A's and B's arc take' 
from the appropriate conversion formulas. When th. 
transfer functions are real, the calculations are ver 
simple. With complex transfer functions, the process 
more involved, and some care is required to combine thi 
angles in the proper sense. 

Noise Figure—Grounded-Base Connection 

In this paper we shall make use of the narrow-bane 
noise figure F as an index of the noise behavior of a 
transistor when used as an amplifier. This may be de. 
fined as the ratio of the total noise power appearing in 
the load in a narrow band to that portion which is due 
to the amplified Johnson noise of RG, the generator im- • 
pedance to which the input is connected.' Its value 
depends on the noise properties of the transistor, the 
dc bias conditions, the frequency, and the generator 
impedance, but is independent of the load impedance. 
The noise figure can be calculated from any of the 

equivalent-generator representations described in the 
preceding section by determining separately the con-
tributions to the noise in the load from Johnson noise 
in R0 and from the two equivalent noise generators. 
Since noise figure is independent of load impedance, 
any convenient value of the latter may be selected. For 
example, consider the V representation of Fig. 2(a), I 
using Z parameters and terminating the input in Za 
and the output in open circuit. If the open-circuit noise 
voltages at the output are Vo due to Johnson noise in 
RG, VA due to generator V., and VD due to generator 1 
Ile, we find that 

V0 = (4kriNinz2,/(zu + Z0). 
VA VeZ21/(ZII  ZG), 

VD = 

where kT is the Boltzmann constant times absolute tem-
perature and ZG is the generator impedance with real 
part RG. The corresponding power and cross spectra are 

(14)  Po = 4kTRGI Z21/(Z11 Z0) 12, 

PA = P. Z21/(Z11  Zo)12, 

PB = Pc, 

POA = P08 = 0. 

(15) Pitfi  = — Pe,[Z21/(Zil 4- Zo)]*• 

(16) 

E. A. Guillemin, "Communication Networks," vol. II, chap. IV, 
John Wiley and Sons, Inc., New York, N. Y.; 1935. Relations given 
by Guillemin must be modified somewhat to apply to active net-
works. 

From this, the noise figure is 

F = (Po + PA  PB + 2 X real part P.48)/P0 

= -F  1  rp..4_  + Zul 2 

4kTI2o L  I Z2I I 

This is a narrow band form of the definition given by H. T. 
Friis, "Noise figures of radio receivers," "'Roc. I.R.E., vol. 32, pp. 419-422; July, 1944. 
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— 2 X real part {P..Z u Z11, (17) 
Z21 

which is the expression given by Ryder and Kircher," 
except for inclusion of the correlation term, and ex-
pression of noise in terms of unit bandwidth. 
If the noise is expressed in volts-squared per cycle 

bandwidth, the constant 4kT is 1.64 X10-2 ° at room 
temperature. 
In terms of the I-I representation and the Y parame-

ters, the noise figure is 

1 [ 
F = 1 +   P. ±Ac 

4kTGo 

ill + YG 

Y21 

2 

— 2 X real part {P.. 171,  + 11.61 }], (18) 
Y 21 

where Y0 is the admittance of the generator with real 
part GG. It should be noted that the power spectra in 
this expression are not the same as those in (17), but 
are derived from I. and /, in an analogous way. 
In terms of the  representation and the Hparame-

ters 
1  Fp,  ± 1,21 //n + Za 

F = 1 +    
4kTRo L I 1121 

2 

2 X real part {pi2  Za  , (19) 
1121  JJ 

where PI, P2, and P13 are the power spectra and cross 

spectrum of VI and /2. 
In all three formulas the last term is simplified if the 

frequency is low enough so that all the transmission 
parameters are real. In this case the cross spectrum is 
real and is equal to the geometric mean of the two pre-
ceding terms, multiplied by the correlation between the 

two noise generators. 
The generator impedance R 0 required for minimum 

noise figure can be determined from any of the expres-
sions for noise figure. A particularly simple case occurs 
when, in terms of the V-V representation, the noise 
generator VE is so small that its contribution to the load 
noise is negligible, and all the impedances are pure re-
sistances. In this case, minimum noise figure is obtained 
when R G equals Z11. Experience has shown that this 
gives a fairly good approximation to the optimum Ro 
actually required by nearly all transistors over the usual 
required by most transistors at low frequencies in the 
usual range of dc bias values. This is usually a good deal 
higher than the generator impedance required for maxi-
mum power gain into practical working loads, so a 
compromise has to be made. Fortunately, the noise 
figure increases rather slowly when Ro departs from its 
optimum value as shown in the following table:" 

or 2  or 5 /Icr or 10 

figure, db 0.5  2.6  4.8 
R0/optimum Ro 

Increase in noise 
" R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 

transistor," B.11 Sys. Trch. Jour., vol. 28, pp. 367-400; July, 1949. 
11 The table contains asymptotic values which are good approxi-

mations for nois figures greater than 10 db. For smaller noise figures 
the values are less than those shown in the table. 

Noise Figure—Grounded Emitter or Collector 

Noise-figure formulas were given by Ryder and 
Kircher' in terms of the V-V representation for all three 
grounding connections. Inspection of these formulas 
shows that for the impedance values as they exist in 

present transistors, the noise figures do not differ sig-
nificantly among the various connections except for 
backward transmission in the grounded-collector case, 
where the noise figure may be quite large. The optimum 
value for R G is substantially the same for grounded-
emitter and for grounded-base operation. In the case of 
the grounded-emitter connection the optimum R 0 for 
noise is usually a good deal smaller than the optimum 

Ro for maximum gain. 

5. NOISE CHARACTERISTICS OF JUNCTION TRANSISTORS 

The measurements now described are the result of 
study of about a dozen n-p-n type 1752 transistors taken 
at random from recent product.'2 Some of the noise 
properties were measured in only a few units, others in 
the whole group. The object was a general survey of 
noise properties, methods of measuring and represent-
ing them, and their significance in helping toward a 
physical understanding of the noise process. It is be-
lieved that the data presented are reasonably represen-
tative, but they are manifestly not extensive enough 
nor sufficiently systematic to serve as a complete spec-
ification of noise performance. 
It is clear from the earlier part of this paper that a 

great variety of methods of representing noise behavior 
are available. Those used in this section were found 
quite serviceable, but no claim is made for having ex-
plored all the possibilities or foreseen all the require-
ments in various applications. It is hoped that the 
information here presented may serve as a useful start 
on the problem, and that the general methods described 
may be a helpful basis for future development. 

Methods of Measurement 

It does not seem worthwhile to give a detailed de-
scription of the measuring equipment, since high-gain 
low-level amplifier construction is a pretty well under-
stood art. A few comments will suffice. 
The measuring system consisted of six stages of wide-

band amplification, followed by a set of suitable filters 
and a vacuum-tube voltmeter. The input stage was a 
Western Electric 348A tube, pentode connected, for the 
range 20 to 15,000 cycles. A different preamplifier using 
a Western Electric 403B tube in a cascode connection" 
was used for the high-frequency range 1 kc to 1 mc. The 
amplifiers were operated from conventional power sup-
plies using gas-tube regulated plate supplies and having 
a rectified heater supply for the three stages of the 
low-frequency preamplifier. 

12  Some early measurements are reported by R. L. Wallace and 
W. J. Pietenpol, "Some circuit properties of n-p-n transistors," 
Bell Sys. Tech. Jour., vol. 30, pp. 530-563; July, 1951. 

12  K. Q. Twiss and Y. Beers, "Vacuum Tube Amplifiers," Rad, 
Lab. Series, McGraw Hill Book Co., Inc. New York, N. Y., chap. 
13.10; 1948. 
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The filters were single-section constant-k structures 
having a ratio of upper to lower cutoff frequency of 
about 1.5. This has been found a convenient compro-
mise between resolution and steadiness of output. The 
filter mid-frequencies are spaced at intervals of about 
an octave in most cases. For careful spectrum deter-
minations at the lower frequencies, these filters were re-
placed by a General Radio Wave Analyzer, type 736A, 
whose chief advantage was its ability to get in between 
harmonics of 60 cycles when power-line pickup was 
troublesome. 

The system was ordinarily used as a bridging ampli-
fier, and was calibrated for gain and bandwidth with a 
low-level sinusoidal voltage. The effective bandwidth 
of the various filters was carefully determined by plot-
ting the response in power units and integrating. For 
calibration it is found convenient to provide a sinusoidal 
signal in an impedance of 2 ohms which will give the 
same response on the measuring instrument as a noise 
voltage of 10-12  volts-squared per cycle bandwidth. 
Bias was applied to the transistor under test through 

a terminating resistance of 20,000 ohms at the emitter 
and 5,000 ohms at the collector. Since the input im-
pedance is usually less than 2,000 ohms, and the output 

impedance greater than 0.1 megohm, these termina-
tions provided substantially an open circuit at the input 
and a short circuit at the output end. The noise-
measuring amplifiers were bridged across the termi-
nating resistances, thus measuring V1 and /2RL directly. 
Ideally, noise voltage squared should be determined 

by a square-law rectifier. In practice, it is much more 
convenient to use a vacuum-tube voltmeter such as the 
Ballantine or the Hewlett-Packard model 400C. These 
instruments are approximately linear full-wave recti-
fiers. Theory shows that such a rectifier calibrated to 
read the rms of a sine wave will read low by a factor of 
0.886 in voltage (1.05 db) when used on Gaussian 
noise. Transistor noise is approximately Gaussian and 
experience shows that such a correction will give the 
true rms value to within a fraction of a db. Most 
measurements were made with the Hewlett-Packard in-
strument, with a 6,000 microfarad electrolytic con-
denser shunted across the meter to give a larger time 
constant, a correction of 1 db being added to the read-
ings. The peak-reading type of vacuum-tube voltmeter 
is very undesirable for noise-power measurements, and 
the linear rectifier would have to be used with caution 
unless the Gaussian properties of the noise had been 
established. 

The measuring amplifiers and filters are provided in 
duplicate as a means of determining correlation between 
two noise voltages. Correlation measurements were 
made by the following very convenient artifice, which 
avoids the use of a product-measuring device. The defi-
tion of the correlation between two noise voltages may 
be put in the following form: 

V1V2 (v1 ±  v2) 2 —  (VI v2)2  

[v127'22 1112  4[1'12 l'22 

of the two amplifier channels and the vacuum-tube volt 
meter makes it possible to measure any of the followini 
voltages, v1, v2, vi +v2, v1— v2. The squares of the readingt 
differ from the mean square of the instantaneous volt 
ages by the constant factor 0.886 mentioned previously 
which cancels out in the expression for r12. As shown h3 
the second theorem in Section 3, Simple-Circuit Rela• 
lions, the correlation is independent of the relative gair 
of the two amplifier channels, and the best accuracy if 
attained when the gains are adjusted to make the metei - 
readings equal for vl and v2. 

General Properties 

Transistor noise is relatively steady in character, and 
aside from a characteristic difference in spectrum, is not 
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Fig. 3—Typical noise spectra for n-p-n transistors. 

unlike Johnson noise in a resistor. Short-time fluctua-
tions of a rectifier measuring device are somewhat 
greater than for Johnson noise, but of the same order. 
Drift is often observed for a few minutes after bias is 
applied, more often downward than upward, and 
amounting usually do not more than 2 or 3 db. Meas-
urements at intervals over a period of several weeks 
generally agree to within 2 or 3 db. Application of 
large reverse bias to either the emitter or collector 
with the other terminal floating tends to raise the 
noise, sometimes substantially (10-15 db). This ap-
pears to be a temporary effect which disappears after 
minutes or hours. A small minority of units display 
bursts of noise of a very irregular character. Units which 

have been damaged by excessive biases tend to behave 
in this way. The properties of noise (except the magni-
tude) are so similar in junction and point-contact 
transistors as to suggest strongly that the basic noise 

A simple switching arrangement between the outputs  mechanism is the same in both devices. 
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Spectra 

At frequencies from 20 cycles up to around 50 kc the 
-:' spectrum of the noise at emitter or collector terminals 
for a variety of bias conditions seems universally to be 
of the form 

P(f) = Kiln, 

, where the exponent is a little greater than unity, usually 
about 1.2. At higher frequencies, the spectrum of col-
lector noise sometimes shows a rise of 5 or 10 db from 
the extrapolation of the low-frequency law; in other 
cases it follows the above law pretty closely to 500 kc, 
which is as high as our measurements have been carried. 
Several examples are shown in Fig. 3. It has not been 

I possible to carry measurements of the emitter noise to 
t the higher frequencies because the levels are so low. 
It is not clear whether the anomalies at high frequency 
are a part of the noise mechanism or are caused by 

) changes in the transmission parameters, which begin to 
I be important in this frequency range. 
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V-V representation seems to be generally satisfactory. 
In the case of junction transistors, the situation seems 

to be different. Because of the high-collector impedance, 
it is not easy to make measurements directly in the V-V 
system. However, at low frequencies it is quite easy to 
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Fig. 4—Equivalent-noise generator voltages at 1 kc in the V- V 
system, for an n-p-n transistor. These values were calculated from 
the measurements in Fig. 5. 

Since the spectra at frequencies below 50 kc are so 
similar in form, it is usually sufficient to give a value at 
a single frequency to represent data over this frequency 
range; 1 kc is often used as a reference frequency. 

Equivalent .Generator Representation 

It has been customary to represent the noise be-
havior of point-contact transistors by equivalent gen-
erators in the V-V system of Fig. 2(a). A good deal of 
information is available on the variation of these gen-
erator voltages with dc bias. A few measurements have 
been made of the /2 generator in the V-I system of Fig. 
2(c). In most cases it has been found that the /2 gen-
erator behaves in a less simple way as a function of dc 
bias than the generators of the V-V system Since the 
open-circuit noise and transmission properties are easily 
measured in the case of point-contact transistors, the 
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calculate values from data in the V-I system, and this 
has been done in Fig. 4, which shows the equivalent-
generator values in the V-V system for the same data 
which is shown in Fig. 5 for the V-I system. A few 
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points on the If, curves of Fig. 4 have been checked by 
direct measurement by means of a comparison voltage 
introduced in series with the collector circuit. Fig. 6 
shows partial data for several other transistors in the 
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V-I system, to give some idea of the variability among 
different units. For junction transistors, it appears that 
the V-I system represents the noise behavior in a 
somewhat simpler manner as a function of bias than 
does the V-V system. Although the theory of noise 
production is in a rather rudimentary state, there is 
some reason to believe that the noise should be propor-
tional to the bias current rather than the voltage, and 
the V-I representation fits in with this picture better 
than the V-V representation. On the whole, it seems 
that the V-I system of equivalent-noise generators has 
several advantages in the case of junction transistors. 

Noise Figure 

It was pointed out above that, with certain simplify-
ing assumptions, the noise figure should vary rather 
slowly with the generator impedance RG to which a 
transistor is connected and should have its minimum 
when RG=Zu. Since the simplifying assumptions are 
not always met in practice, Fig. 7 gives the extreme 
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Fig. 7-Variation of noise figure with generator impedance Ro. 
Solid curve shows simplified theory. Dashed curves are extreme 
limits of experimental data for several n-p-n transistors under 
various bias conditions and at 1 kc and 200 kc. 

range of experimental data on several junction-type 
transistors under various bias conditions and at fre-
quencies of 1 and 200 kc. It is clear that the behavior is 
in reasonably good agreement with that calculated for 
the simplified case. 
50 

1,1 40 
UI 
_J 

UI 

° 30 

UI 

020 

UI 

IL 

10 

---

MILLIAMPERES 

"... “-.1..". 

le IN 

1.0 

0.1,... 

..  ... - 
. ...7......0 ' 

' 

''' 

. 

') 
..0. 

1 1 i I I 

I 

l 

.1 O  04 06 2 4  6  10 20 40  60 
COLLECTOR BIAS IN VOLTS 

Fig. 8-Noise figure of an n-p-n transistor at 1 kc for 
various bias conditions. 

In Fig. 8 the noise figure at 1 kc for a transistor with 
the grounded-base connection is plotted as a function of 
the bias parameters I. and Vc, with RG adjusted for 
minimum-noise figure at each point. Fig. 9 shows simi-
lar data for another transistor, and includes one curve 
for the frequency 200 kc. While not representing ex-
treme cases, these two sets of data are representative of 

the variation among units. Similar information for 13 
transistors at three selected bias conditions and at 1 
and 200 kc is given in Table I. The average difference' 
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Fig. 9 Noise figure of another n-p-n transistor at 1 and 200 kc 
for various bias conditions. 

20 

in noise figure at the two frequencies is 14 db, whereas 
we would expect a difference of 27.5 db from a simple 
extrapolation of the low-frequency behavior according 
to the spectral law. The discrepancy is partly due to the 
anomalies in the spectrum shown in Fig. 3 and partly 
to reductions in gain at the higher frequency. It will be 
noted that operation at low bias values usually makes 
an appreciable improvement in the noise figure. The 
optimum value for I. is probably between the two 
values used in the table, probably round 0.1 ma for an 
average unit. 

TABLE I 

Noise Figures of n-p-n Transistors at 1 and 200 kc 

Noise figure in db for three selected bias conditions. Generator 
impedance picked approximately to give lowest noise figure; 

for Ls .= 1.0  ma,  Ro .= 500 ohms; 
for is  0.030 ma,  Ro  1,000 ohms. 

Frequency 

1 kc 200 kc 

2 
3 
4 

6 
7 
8 
9 
10 
11 
12 
13 

Average 

1.0 
4.5 

20.1 
20.2 
19.1 
23.3 
22.3 
25.6 
21.7 
24.4 
20.8 
45.7 
26.9 
22.6 
27.4 

24.6 

1.0 
0.5 

18.1 
19.7 
16.9 
19.9 
22.3 
24.7 
22.2 
21.6 
21.8 
24.7 
17.2 
20.3 
16.2 

20.4 

0.03 
0.5 

19.1 
24.1 
21.3 
17.0 
14.0 
13.0 
11.6 
21.1 
13.5 
23.3 
26.8 
16.2 
20.0 

18.5 

CONCLUSIONS 

1.0 
4.5 

7.2 
5.8 
5.5 
5.2 
5.9 
6.6 
6.2 
7.0 

22.3 
10.3 
6.5 
13.6 

8.5 

1.0 
0.5 

5.5 
5.2 
5.5 
4.2 
6.7 
6.5 
6.7 
6.2 

8.1 
5.8 
6.8 
6.2 

6.1 

0.03 
0.5 

5.0 
5.4 
8.0 
3.9 
5.4 
8.7 
4.4 
5.1 

8.1 
10.3 
10.1 
11.8 

7.7 

The systematic method of dealing with linear circuit 
problems in noise set forth early in this paper is quite 
general, and should prove useful in many types of 
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problems. The discussion of applications of the method 
to the noise behavior of transistors makes it apparent 
that many forms of description are possible, among 
which a choice may be made based on convenience. We 
have indicated certain choices which have suited our 
applications, and have endeavored to present the meth-
ods in sufficient generality to enable the reader to make 
similar choices. The specific information on noise be-
havior of n-p-n transistors, while based on a small num-
ber of units, is believed to be reasonably indicative of 
the behavior of the present product, and should serve 
as at least a rough guide in circuit-design work. 

Nothing has been said regarding the mechanism of 
noise production in transistors. This is a subject which is 
not at all completely understood at present, and dis-
cussion of it was felt to be beyond the scope of this 
paper. The interested reader is referred to a forth-
coming paper." 
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APPENDIX 

The function S(f), defined formally by (1), has de-
tailed properties which depend on the nature of the 
noise function y(1). Generally speaking, both the mag-
nitude and angle of S(f) fluctuate along the frequency 
axis in such a way that there is little correlation in the 
values over frequency intervals of the order of 1/T. To 
obtain a well-behaved function it is desirable to smooth 
this function over frequency intervals much larger than 
1/T, limited of course by the desired frequency resolu-
tion in the spectrum. We shall give a definition of the 
smoothed functions required for (2) and (3) which de-
pends on a Fourier series expansion of the noise current 
over a finite time interval. With this approach it is 
not hard to show that the definition is in accord with 
the quantities measured by the procedures outlined 

previously. 
Let y,(t) and y2(t) be two noise currents for which 

power and cross spectra are to be defined. Let  and 
Y2' be the result of cyclic repetition of that portion of 
yi and y2 lying in a time interval T If T is much longer 
than the reciprocal of the bandwidth of the measuring 
filters, transients due to discontinuities at the boundaries 
of the time intervals will have a negligible effect on the 
average measurements If the noise currents are sta-
tionary, the response of the measuring system to yi' 
and yz' will not differ significantly from the response to 
y1 and yz The primed currents are described in complete 
detail by their Fourier series expansions 

yi' = E ak cos (27rkt/T — Ok), 
y2' = E bk cos (2irkt/T — Ok). 

14 H. C. Montgomery, "Electrical noise in semiconductors," Bell 
Sys. Tech. Jour., vol. 31, pp. 950-975; September, 1952. 

If the magnitude of Si(f) is obtained by rms smoothing 
of the ak's over the frequency interval of the measuring 
filter (multiplied by T-0 , which is the number of 
components per unit frequency interval), it is evident 
that the power spectrum defined by (2) is just the power 
contained in those Fourier components passed by the 

filter. 

(1/2T) E ak2 or (1/2T) Ek2. 
The cross spectrum defined by (3) is a smoothed ver-

sion of 

(1/2T)akbkei(4-80 . 

The measuring process described for obtaining the cross 
spectrum involves filtering yi and yz, taking the product, 
and dividing by the bandwidth. This is equivalent to 

(1/61) E ak cos (2irkt/T — Ok) X E bk cos (2741/T — 44), 

where each sum is carried over those terms passed by 
the filters. By a well-known property of trigonometric 
series, products of terms of unlike frequency average to 
zero, so the above is equivalent to 

(1/61) E akbk cos (271-1a/T — Ok) 

= (1/261) E akbk[cos(47rktIT — 

= (11260 E akik cos ((Pk — Ok), 

cos (2141 / T — 44) 

Oh — (Pk) + cos (Ok — 001 

since the first term in the bracket averages to zero. The 
summation involves of IT terms, so the average value is 

(1/2T) E akbk cos (Ok — Ok). 
This is the real part of the cross spectrum, as deter-
mined experimentally, and this relation may be taken 
to define the smoothing process required in (3). The 
imaginary part of the cross spectrum is determined by a 
quadrature measurement, and is evidently 

(1/2T) E akbk sin (44 — Ok). 
For the special case of two identical noise currents 

it is seen that ak=bk and (4=44; hence the 
cross spectrum is real and equal to the geometric mean 
of the two power spectra. If  and yz' are derived from 
a common source through linear networks whose trans-
fer functions vary slowly over the interval 61, we have 
approximately ak =const. X bk and Ok —  00k =const.  In 
this instance the cross spectrum is complex, but its 
magnitude is again the geometric mean of the power 
spectra. Either of these cases represents completely co-
herent noise currents. In the case of completely incoher-
ent or independent noise currents the angles of the indi-
vidual terms are completely random, and the average is 
negligibly small compared to the power spectra, and no 
fixed phase shifts in the system can increase it. It may be 
noted that apparent incoherence (with respect to the 
measuring system as described) can be produced by sub-
jecting one noise current to phase shifts which vary sub-
stantially over the frequency interval of. However, this 
effect can be removed by a complementary phase shift. 
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Variation of Transistor Parameters with Temperature* 
ABRAHAM COBLENZt AND HARRY L. OWENSt, MEMBER, IRE 

Summary—In this paper results of a study to determine the tem-
perature dependence of the electrical characteristics of Type 1698 
and 1768 transistors are given. Variations of transistor parameters 
as a function of temperature are given for each type of unit. Cumula-
tive distribution curves are also given for the transistors studied. 
The implications of the results obtained with regard to transistor 
operation at elevated temperatures are discussed briefly. 

I NTRODUCT ION 

OF THE MORE than 60 experimental types of 
transistors known, only two, Western Electric 
Types 1698 and 1768, have been made available 

to the military services in appreciable quantities. The 
extensive use of these types in experimental circuit 
studies and exploratory development models of equip-
ment has been handicapped by the lack of published 
data regarding temperature effects. To provide these 
data, parameter measurements have been made on 20 
Type 1698 and 30 Type 1768 transistors over the tem-
perature range 25° to 85°C. The current amplification 
factor (alpha) has been measured as a function of fre-
quency on an additional group of 50 Type 1698 transis-
tors. Subject to the limitations noted, it is believed that 
results which have statistical value have been obtained. 

The reader is cautioned that 85°C operation of these 
transistors is far in excess of the maximum temperature 
ratings recommended by the manufacturer. In the in-
vestigations reported herein destructive testing was 
considered desirable in order to obtain information re-
garding the absolute limits of operation for these type 
transistors. 
In considering the significance of the results obtained, 

it is quite apparent that all engineers would not agree 
as to the temperature limitations of transistor operation 
implied by these data. Perhaps the difficulties in formu-
lating specific recommendations are responsible for the 
present lack of information on the subject. In this paper 
these difficulties are reviewed and tentative conclusions 
regarding higher-temperature operation of transistors 
are discussed. 

METHODS OF TEST 

All results reported herein were obtained with labora-
tory-constructed test equipment of conventional design. 
Although standards regarding methods of testing trans-
istors have not been adopted, it is believed that the 
voltmeter-ammeter techniques employed are quite 
similar to those in general use. A schematic diagram of 
the equipment used to measure the equivalent circuit 
parameters is shown in Fig. 1. Direct-current bias for 
the transistor under test was provided by two high-
voltage power supplies. Large series resistances intro-

* Decimal classification: R282.12. Original manuscript received 
by the Institute, August 4, 1952. 
t Signal Corps Engineering Laboratories, Fort Monmouth, N. J. 

duced in both the emitter and the collector leads made 
the bias sources essentially (Instant current and as-
sisted in eliminating unwanted oscillations in transistors 
not unconditionally stable. 

The beat frequency-type signal generator provided a 
constant current at two thousand cycles which was ap-
plied to the emitter or the collector as appropriate for 
the particular parameter being measured. In no case 
did the magnitude of this alternating current exceed 
15 µa. As this current represents approximately one-
thousandth of the maximum ordinate of the respective 
voltage-current characteristics, it was considered that 
this value of current might properly be considered to 
fall within the small-signal class. Due to the low-signal 
current levels used, some shielding was found necessary 
to avoid stray pickup. 

Fig. 1—Schematic diagram for parameter measurements. 

In taking the parameter measurements, one first 
establishes the desired direct-current bias and positions 
the alternating current signal to the emitter or collector 
as appropriate for the parameter under test. The signal 
produces a voltage drop proportional to the resistance 
of the parameter under test. The vacuum-tube volt-
meters for these measurements are shown on either 
side of the schematic in Fig. 1. From the known value 
of signal current and its voltage drop across the un-
known parameter, one may readily calculate the latter. 
An obvious expedient is to calibrate the voltmeter di-
rectly in ohms. The following transformation equations 
were used to transform from the equivalent 4-pole 
parameters actually measured to the equivalent active 
T-network parameters. 

Alpha measurements were made as a function of fre-
quency, with the circuit arrangement shown in the 
schematic diagram of Fig. 2. Analysis of the circuits 
will reveal precautions taken to maintain adequate 
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TABLE I 

Variation of Transistor Parameters with Temperature  1473 

Vc= —30 volts and I. = 1 ma. The abscissa of the curves 
showing temperature variations are intended to indicate 
a temperature cycle beginning at room temperature, 
rising to 85°C, and then decreasing to room tempera-
ture, from left to right. Although the units were main-

Generator Voltmeter 
• Positioned To Positioned To  Parameter Measured 

Collector 
Emitter 
Emitter 
Collector 

Emitter 
Emitter 
Collector 
Collector 

ril =re, 
=r„-Frb 

rn 

bandwidth in the test set itself. In addition, experi-
mental evidence was obtained indicating that the re-
sponse of the system was well beyond that of the transis-
tors investigated. 

Fig. 2—Schematic diagram for frequency-response tests. 

EXPERIMENTAL RESULTS 

The Type 1698 is a point-contact transistor triode in 
cartridge form. It is designed for use in switching circuits 
where the large-signal parameters of the active device 
are of primary interest. The maximum-rated ambient 
temperature for this type of transistor is 55°C. The 
manufacturer recommends the operating precaution of 
connecting the transistor to its circuit under zero-bias 
conditions. Where this is not possible, the base connec-
tion should always be made not later than second. As 
previous investigations in which these precautions were 
violated resulted in permanent damage to some tran-
sistors, the precautions were strictly observed during the 

tests reported herein. 
The average variation of the equivalent circuit 

parameters as a function of temperature for 20 Type 
1698 transistors is shown in Fig. 3. Every effort was 
made to avoid oscillations, to observe the maximum-
rated collector dissipation of 120 mw, and to measure 
the parameters under the normal test conditions of bias: 
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Fig. 3—Variation of equivalent, active- T 4-pole parameters 
with temperature, type 1698. 

tamed at the elevated temperatures only for the time 
necessary to achieve thermal equilibrium and make the 
electrical measurements, it is quite evident from the 
appreciable permanent changes encountered both for 
r,„ and r, that the units were subjected to excessive 
temperatures. As further evidence of permanent dam-
age, some of the transistors began to oscillate at the 
elevated temperatures and were not stable at the 
operating point defined above, even after being re-
turned to room temperature. Such units were some-
times found capable of stable operation at reduced bias. 
Additional investigations are required to adequately 
determine optimum bias conditions for a given range of 
required operating temperatures. 
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Fig. 4—Variation of current gain, alpha, with temperature 
(a) Upper curve, Type 1768. (b) Lower curve, Type 1698. 

Variation of alpha as a function of temperature for 
the Type 1698 units is shown in the lower curve of Fig. 
4. Values for alpha indicated were calculated from data 
presented in Fig. 3, using the following equation: 

= — 
r21 r„, + rb 

alpha   
r23  r +  rb 

• 

(1) 

I. 
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For the same group of 1698 transistors, the cumulative 
distribution curves of Fig. 5 show unit-to-unit varia-
tions at room temperature for three parameters of 
particular interest. For a chosen value of the ordinate, 
the curves show per cent of units with a parameter 
value equal to or less than the corresponding abscissa 
reading. It is an integral of the usual distribution curve. 
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Fig. 5—Cumulative distribution curves of alpha, r, and r„, for Type 
1698 at 25°C. (a) Curve A, alpha. (b) Curve B, r0. (c) Curve C, r„,. 

In switching applications, it is necessary to insure 
adequate collector resistance when the transistor is in 
the cutoff or high resistance condition. Type 1698 units 
should have 20,000 ohms or greater resistance at room 
temperature as determined by measurement of 'co, the 

20  40  60  80 80  60  40  20  0 
TEMPERATURE, DEGREES CENTIGRADE 

Fig. 6—Variation of ho and 17,1 with temperature, Type 1698. 

collector current under conditions of zero-emitter cur-
rent and 40-volts collector potential. Temperature de-
pendence of /co for the 1698 transistors tested is given 
in Fig. 6. Another parameter also shown in Fig. 6 is the 
V„1 or collector voltage for the transistor when in the 
low resistance or saturation condition. 17c1 is measured 
with 1-ma emitter current and 2-ma collector current. 
The Type 1768 transistor was developed for use in 

low-voltage, low-power drain, high-efficiency oscillator 
and amplifier applications. These properties have been 

emphasized by the optimization of the characteristjc! 
of previous point-contact transistor types. Additiona 
information regarding the Type 1768 units is reporter 
elsewhere in this issue.' The transistor-design objective! 
were established to satisfy the requirements of a par. 
ticular application. Performance data on productior 
models are considered highly satisfactory. By optimiz• 
ing parameters to satisfy the development objectives, 
the field of application for units of this type has been 
narrowed due to impairment of high-temperature and 
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Fig. 7—Variation of equivalent, active- T, 4-pole 
parameters with temperature, Type 1768. 

high-frequency operation. The maximum-rated ambient 
temperature for this type of transistor is 40°C and its 
maximum-rated collector dissipation is 120 mw. 
The average variation of the equivalent circuit 

parameters as a function of temperature for 30 Type 
1768 transistors is shown in Fig. 7. Alpha as a function 

eo 
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Fig. 8—Cumulative distribution curves of r„„ Type 1768. 
(a) Curve A, 25°C. (b) Curve B, 45°C. (c) Curve C, 65°C. 

of temperature for these units is shown in the upper 
curve of Fig. 4. Cumulative distribution curves at three 
operating temperatures for r„„ r„ and alpha are shown, 
respectively, in Figs. 8, 9, and 10. 

Alpha has been measured as a function of frequency 
on both types of transistors previously discussed, utiliz-
ing the equipment shown in Fig. 2. Results obtained on 
20 Type 1768 units are given in the upper curve of 
Fig. 11. 

D. E. Thomas, "Low-drain transistor audio oscillator," vol. 40, 
pp. 1385-1395. 
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It may be readily shown that the condition for maxi-
' mum current gain requires the transistors' output load 
.to be small compared to r22. The 500-ohm load resistor 
used in the test equipment does not fully satisfy this 
condition for 1768 Type units. Consequently, the 
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Fig. 9—Cumulative distribution curves of re, Type 1768. 
(a) Curve A, 65°C. (b) Curve B, 45°C. (c) Curve C, 25°C. 

100 

80 

60 

'I 

r,-;  40 

2 

0 
0  2 4 6 

ALPHA = / rt. 

Fig. 10—Cumulative distribution curves of alpha, Type 1768. 
(a) Curve A, 25°C. (b) Curve B, 45°C. (c) Curve C, 65°C. 

maximum current gain may be up to 10 per cent higher 
than reported. In the lower curve of Fig. 11 are shown 
the results obtained on 50 Type 1698 transistors. Fre-
quency cutoff is usually defined as the frequency at 
which alpha is 3 (lb below its low-frequency value. The 
dashed lines shown in Fig. 11 establish the average fre-
quency cutoff of Type 1768 and 1698 transistors as 

450 kc and 2.5 mc, respectively. 
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Fig. 11—Variation of alpha with frequency. (a) Upper curve, 
Type 1768. (b) Lower curve, Type 1698. 

CONCLUSIONS 

It is quite apparent from the results of these and 
other investigations which have been conducted that 
the data now available are insufficient to justify any-
thing more than tentative conclusions regarding tem-
perature limits for transistors. Transistor circuit re-
quirements and the properties of the devices themselves 
require further study before temperature limits can be 
defined with confidence. Additional data are being ob-
tained on both operational- and storage-temperature 
limitations for transistors. 
In spite of very substantial changes in the small signal 

characteristics at the elevated temperatures, it is inter-
esting to note that the transistors are capable of ap-
preciable gain even at 85°C. Calculated gain data are 
given in Table II, based on linear class A operation 
of average 1698 units in the grounded-base connec-
tion. The presence of positive feedback due to rb is 
neglected in the calculation of maximum available gain. 
Operating power gain is given for R0=300 ohms and 
RL =15,000 ohms. 

TABLE II 

Temperature 25°C 85°C 

Maximum 
Available 
Gain  4rer. 

r.2 22.4 db 16.2 db 

Operating 
Power  =4RoRL  (rb +r ")) 1 
Gain A 

21.5 db 14.3 db 

An. (120-1-1..+rb)(RL-Fril-ro)—rb(rb-Fr.) 

Although useful gain would be delivered by both 
1689 and 1768 units at 85°C, reliable operation is not 
now feasible due to other problems, such as thermal 
and electrical instability, which result in permanent as 
well as temporary impairment of characteristics. 
From general practical considerations it has been 

concluded that Type 1698 and Type 1768 units are 
satisfactory up to approximately 60°C for many small 
signal applications. Gain, for example, is decreased by 
only about 2 db within this temperature range. Rela-
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tively constant gain is achieved because the decrease of 
r, with temperature is largely compensated by the in-
crease in alpha. Approximate per cent variations of 
these two parameters are given in Table Ill for both 
types of transistors investigated. 

TABLE III 

P ut CENT VARIATION OF TRANSISTOR PARA/M.:1E14S 

Temperature 
°C 

25°C 
30 
40 
50 
60 

Type 1698  Type 1768 

a  r„ 

- 2.3 
-11.3 

5  -27.3 
11.4  -43.2 

70  27..3  -63.7 
80  59.0  -79.5 
85  86.5  -84.0 

a 

1.9 
11.5 
23.0 
38.5 
56.0 
61.7 

- 1.5 
-11.8 
-33.8 
-58.8 
-78.0 
-88.3 
-88.3 

The temperature dependence of the electrical char-
acteristics of Type 1698 transistors impose serious 

limitations on their application to switching circuits re-
quired to operate reliably at high-ambient temperatures. 
Many of the direct-coupled switching circuits which 
have been developed will not operate satisfactorily with 
Type 1698 transistors beyond the temperature range of 
40° to 50°C. This range may be increased somewhat if 
the transistor's direct-current operating point is stabi-
lized by suitable auxiliary circuit features. The use of 
alternating-current coupling, where permissible, should 
also prove advantageous in extending the useful tem-
perature range. Even though direct coupling is avoided, 
the inescapable fact is that the temperature dependence 
of 'CO as shown in Fig. 6 will result in sufficient self-en-
gendered heat to induce thermal instability as the 
maximum dissipation ratings are approached at ele-

vated temperatures. 
The 1689 transistor now under development per-

forms functions similar to the 1698 unit, and has. 
improved temperature characteristics." The average 
temperature coefficient for r, of about -1 per cent per 
degree reported for the 1689 transistor compares with 
about -5 per cent per degree for 1698 units as de-
termined from Fig. 6. Reliable operation of 1689 transis-
tors at 70°C is understood to be achieved in most 
switching applications investigated. For many straight 
transmission applications superior performance would 
be predicted for the Type 1729 transistor on the basis 
of reported higher cutoff frequency and improved tem-
perature characteristics." The development of the 1689 
and the 1729 units clearly demonstrates the advances 
being made through an improved understanding of de-
sign considerations in transistors and better control of 
materials and production processes. 
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Frequency Variations of Current-Amplification 
Factor for Junction Transistors* 

R. L. PRITCHARDt, ASSOCIATE MEMBER, IRE 

Summary-In a grounded-emitter or grounded-collector con-
nection of a junction transistor, the effective current amplification is 
proportional to the factor (1  where a is the current-amplifica-
tion factor of the transistor. As a result of the phase shift associated 
with a, the magnitude of (1 -a)-1 decreases rapidly with increasing 
frequency. It is shown that the magnitude of (1 -a)-1 is 3 db below 
its low-frequency value at a frequency of the order of magnitude of 
(1 -ao) times the frequency at which the magnitude of a alone has 
decreased 3 db below its low-frequency value of ao. In addition, ex-
perimental results of measurements of phase and amplitude char-
acteristics of a as a function of frequency for several fused-impurity 
p-n-p junction transistors are presented and are compared with the 
variation of a with frequency calculated in accordance with the theory 
of Shockley, et al. 

* Decimal classification: 282.12. Original manuscript received by 
the Institute, July 7,1952. 
t Research Laboratory, General Electric Co., Schenectady, N. Y. 

.... 
INTRODUCTION 

W IIEN the curren t-am plificat ion  factor  a of a 
transistor is close to unity, the electric-circuit 
properties of the transistor resemble fairly 

closely those of the vacuum tube.' This is true of the 
junction transistor for which practical values of a range 
from approximately 0.85 or 0.90 to 0.99+. Thus, there 
are three possible methods of connection of the trans-
istor, namely, grounded-base, grounded-emitter, and 
grounded-collector that correspond fairly close to the 
grounded-grid, grounded-cathode, and grounded-plate 

I This similarity was pointed out for point-contact transistors, 
which may have a value of a between zero and three or more; 
R. M. Ryder and R. J. Kircher, "Some circuit aspects of the transis-
tor," Bell Sys. Tech. Jour., vol. 28, no. 3, pp. 374-376; July, 1949. 
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connections of the vacuum tube. 
In two of these methods of connection, grounded-

! - emitter and grounded-collector, the current gain of the 
stage is proportional to the factor 1/(1 —a), which may 
be quite large in magnitude. For cascaded amplifier 
stages, the voltage gain per stage is proportional to 
1/(1 —a), while the power gain per stage is proportional 
to the square of this factor. 
At high frequencies the magnitude of a decreases, and 

consequently the magnitude of 1/(1 —a) may decrease 
quite rapidly.2 Of more importance, however, is the fact 
that the phase shift associated with a may cause a sub-
stantial decrease in the magnitude of 1/(1 —a) at fre-
quencies for which the magnitude of a has not decreased 
appreciably from its low-frequency value. 
The fact that there is a phase shift associated with a 

is not a new discovery. For the point-contact transistor 
this was mentioned by Ryder and Kircher,' and results 
of measurements of the phase and amplitude of a have 
been presented by Becker and Shive.4 On the other 
hand, for the junction transistor, except for a brief 
section in the paper by Shockley, et al,' describing the 
theory of the junction transistor, little has been pub-
lished concerning the frequency variation of a. Conse-
quently, in the investigation of grounded-emitter or 
grounded-collector transistor amplifier circuits, there is 
the possibility that phase effects due to a may be neg-

lected.' 
The purpose of this paper is to point out in a quanti-

tative manner that the phase shift associated with a 
may limit the frequency response of a junction transistor 
in the grounded-emitter or grounded-collector connec-
tions to a considerably lower frequency than has been 
expected previously. (Only the grounded-emitter con-
nection will be considered explicitly; the case of the 
grounded-collector connection is quite similar.) In addi-
tion, results of measurements of the frequency variation 
of a are presented for several fused-impurity p-n-p junc-
tion transistors developed by Saby.7 

EFFECT OF FREQUENCY VARIATION OF ALPHA UPON 
GROUNDED-EMITTER CURRENT GAIN 

The current gain K. for the grounded-emitter con-

nection of the transistor is 

K. ---=z21(')/z22(4) (1) 

2 R. L. Wallace, Jr. and W. J. Pietenpol, "Some circuit properties 
and applications of n-p-n transistors," Bell Sys. Tech. Jour., vol. 30, 
no. 3, p. 560; July, 1951. Also, PROC. I.R.E., vol. 39, p. 766; July, 
1951. 
• R. M. Ryder and R. J. Kircher, op. cu., pp. 381-382. 
J. A. Becker and J. N. Shive, "The transistor—a new semicon-

ductor amplifier," Elec. Eng., vol. 68, p. 220, fig. 12; March, 1949. 
W. Shockley, M. Sparks, and G. K. Teal, "p-n junction trans-

istors," Phys. Rev., vol. 83, no. 1, section IX, p. 161; July I, 1951. 
R. L. Wallace, Jr. and W. J. Pietenpol, op. cit., point out the ef-

fect of the decrease in the magnitude of a, but they do not mention 
the effect of the phase shift. 

J. S. Saby, "Recent developments in transistors and related de-
vices," Tele-Tech., vol. 10, p. 34; December, 1951. Also, J. S. Saby, 
"Fused-impurity p-n-p junction transistors," PROC. I.R.E. pp. 1358-
1360 of this issue. 

where zii(e) is the i—j impedance parameter for the 
grounded-emitter connection. These two parameters 
are related to the parameters z1 (t) for the grounded-base 
connection as follows:8 

Z21(') = Z11(b)  a229(b) ; 

222(1)  = Z11(b)  z12(b)  Z22(b)  • (I — a), 

where a--7-z2i(b)/z22(') is the complex current-amplification 
factor. For most junction transistors, and for the fre-
quency range of interest, z11(8) and 512(b) are considerably 
smaller in magnitude than z22(8) . Consequently, K. may 
be written in the form 

K. = — a/(1 — a). (la) 

In general the current-amplification factor a at a cir-
cular frequency co may be written in complex form as 

a A(0))•Eicw) =-a,. + jai-

Substitution of (2) in (la) yields 

— AO' — (a,. + jai) 
K. = 

(2) 

(3) 
(1 — A cos ck) — jA sin  (1 — a,) — jai 

At very low frequencies, a =a0, for example, A =ao, 

0=0, and the current gain is 

'Ka = — ao/(1 — ao).  (4) 

As the frequency is increased, the amplitude A(co) de-
creases, rather slowly at first, while the phase angle ct. 
decreases, linearly with frequency at first. It is con-
venient to define a cutoff frequency co, as the frequency 
at which lal =A is 3 db below its low-frequency value 
ao. Then for frequencies substantially less than co,, the 
behavior of a may be represented in terms of dimen-
sionless parameters by an approximate expression of the 

form 

[a(w)/a01 t I 62(0,/,)2) e—iacwt.,.) , 

(W/C.),) 2 << 1, 

where a and b are numerical constants of the order of 
magnitude of unity.' 

(5) 

At low frequencies, z2110 andanw are usually written as (r.— r.,) and 
(r.-1-r,—r„,), respectively. See R. L. Wallace, Jr. and W. J. Pietenpol, 
op. cit., p. 547. Also, PROC. I.R.E., vol. 39, p. 760; July, 1951. 

Measurements on several transistors of the phase variation of a 
with frequency, which is essentially linear for (w/w,) <0.3, indicate 
values of a of 1.0 to 1.35. Similarly, measurements of the amplitude 
variation of a indicate values of 62 of 0.35 to 0.65. 
The theoretical values of a and b for an idealized one-dimensional 

transistor depend to a slight extent upon the low-frequency value ao. 
If it is assumed that the frequency-dependent factor comprising a 
(the fraction 0 of the injected carriers that reaches the collector) is 
essentially unity at low frequencies, then a =1.22 and 62=0.49, as is 
shown in Appendix I. 
It might be noted briefly that the variation of a at low frequencies 

given by (5) resembles the frequency variation of the response of a 
simple low-pass RC network. The response of such a network is de-
scribed by the equation 

1/[1 +A(0/6.01, with (.0,m I/RC, 

which, at sufficiently low frequencies, may be approximated by an 
expression of the form of the right-hand member of (5) with bt =1/2 
and a=1. 
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After substituting (5) in (la), expanding the sine and 
cosine in power series, and neglecting terms of higher 
order than (co/we)2, the expression for the magnitude of 
K. may be written in the form 

I K.1— a 0/( 1 — a 0) 
1+  (4 ,,,c), rm+  aoal  +i  aao  

(6)/04) (1 — ao) L 2 ..I  (1 —ao 

The right-hand member of (6) will be 3 db below its low-
frequency value 1K,01 of (4) at a frequency wo given by 

C  wo) . {(1a_2aoa202 + O M +  a0a2)t -11 ' 
•  ,  (7) 

(1 — ao) I 

. (6) 

subject to the restriction (coo/co.) 2<<1. Since ao/(1 —ao) 
is assumed to be fairly large, the second term within the 
braces of (7) will be small compared to the first term. 
Hence, the right-hand member of (7) may be expanded 
in a series: 

(coo\  (1 — as) [  (1 —ao) ( 2b 

w, I (tau  2ao  aoa2 

2 

(wo/u).)2«i. (7a) 

This result shows that the frequency at which the 
magnitude of the grounded-emitter current gain is down 
3 db from its low-frequency value is of the order of 
(1 —ao) times the frequency at which the magnitude of 
the current-amplification factor is 3 db below its low-
frequency value! Hence, when at, is very close to unity, 
the grounded-emitter amplifier may cut off at a fairly 
low frequercy, even though the a-cutoff frequency may 
be relatively high. For example, in the illustration used 
by Wallace and Pietenpol," at, = 0.9785, (co,/27r) ,--,5 mc, 
the grounded-emitter cutoff frequency is ---(0.0215) X5 
X106=108 kc. In the case of the present fused-impurity 
p-n-p junction transistors, with (co,/27r)--,50 —200 kc, 
when at, 0.9, grounded-emitter cutoff may occur in the 
audio-frequency range. 
Since the dominant term in (7) does not contain the 

amplitude constant b, it is obvious that the 3-db decrease 
in I K.I relative to I K,o1 that occurs at the frequency 
coo is caused predominantly by phase shift. Thus, if it 
were assumed that the amplitude of a decreased with 
no accompanying phase shift, then in (5) a would be set 
equal to zero, and the cutoff frequency according to (7) 
would be 

(coo/co.) --=t (1/b)-V(1 — ao)/2. 

When at, is close to unity, this frequency would be con-
siderably higher than that given by (7a) when phase 
shift is not neglected, for example, when a 1 rather 
than  0. 
The variation of the magnitude of K. over a wider 

range of frequency has been calculated from curves 

16  R. L. Wallace, Jr. and W. J. Pietenpol, op. cit., p. 758. Also, 
Bell Sys. Tech. Jour., vol. 30, p. 543; July, 1951. 

based on the experimental values for 1 al and 4, as func-
tions of frequency to be described below." Results of 
such calculations are given in Fig. 1, which shows the. 
magnitude of K. in db as a function of frequency rela-
tive to the a-cutoff frequency for at, =0.90, 0.95, 0.98, 
and for the limiting case of at, =1. The K.-cutoff fre-
quency coo in each case (except for at, =1) is indicated by 
a circle. The rapid decrease in 1K.1 which occurs at low 
frequencies and the decrease of the K,-cutoff frequency 
as at, is increased toward unity are quite apparent. It 
might be noted that the limiting curve is useful for ob-
serving graphically what the grounded-emitter cutoff 1 
frequency will be for a given low-frequency current 
gain. The K.-cutoff frequency is approximately equal to 
the abscissa value at the intersection of the limiting 
curve with the ordinate value corresponding to the low-
frequency current gain. 
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Fig. 1—Approximate behavior of the magnitude of grounded-emit ter 
• current gain as a function of frequency relative to a-cutoff fre-
quency. 

M EASUREMENT OF PHASE AND A MPLITUDE 

CHARACTERISTICS OF CURRENT-

AMPLIFICATION FACTOR 

Measurements of the complex current-amplification 
factor a were made over a frequency range of 500 cps to 
200 kc for several of the early fused-impurity p-n-p 
junction transistors developed by, Saby.7 AC collector 
and emitter currents were determined by measuring the 
voltage drop across resistances in the collector and emit-
ter circuits, respectively. 
Amplitude variation of a was measured directly with 

a vacuum-tube voltmeter, while the phase was deter-
mined by either of two methods. For some measure-
ments, relative phase was determined directly by ob-
serving Lissajous figures on the screen of a cathode-ray 

" For computing I K, I as a function of frequency, the values se-
lected for 'al /a, were taken arbitrarily to lie on a fictitious curve 
passing between the two curves drawn through the experimental 
points shown in Fig. 2. Similarly, the values of 0 were taken from a 
fictitious curve passing .unidst the three curves of Fig. 3. At low fre-
quencies, values of a = 1.2, b2.--0.-1 were assumed. Hence, the curves 
for IK,I versus frequency do not apply exactly to any given transistor 
but are indicative of the behavior to be expected. 
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oscilloscope. Precision of the results based on such 
measurements is estimated to be approximately +5°. 
Alternatively, the phase angle of a was calculated from 
the values of the amplitude only of a and of the current 
gain K. as follows: From (2), 

ai 2 = 12 ___ cr, 2. (8) 

This may be substituted in the expression for the square 
of the magnitude of K. obtained from (3) to yield 

K.12  A2/ ct, )2 ± A2  a, 2]. 

Solving for a,, 

a, = 1[(1 + A2) — AVI K.1 2].  (9) 

Hence, the phase 4) of a may be calculated from the 
equation 

(1) = tan-' (a./a,), (10) 

with ai and a, obtained from (8) and (9), respectively, 
or 'from 

=  (a,/A). (I Oa) 

This method of determining ct) yields satisfactory results 
for frequencies up to approximately co,. Beyond this 
frequency, I K,I is less than unity, (Fig. 1), and it be-
comes difficult to calculate a, accurately from moder-
ately accurate measurements of A and ICI. 
For several transistors, the phase and amplitude both 

of a and of K. were measured, and calculations were 
made to check the consistency of the results. In general, 
the consistency among the results of the four measure-
ments at any one frequency was good. 

F,F  Q.FruSE0_:,sT ‘...,- a TRANS,ST0RS 

06. -  .•  
X D-.03,0,,TERE  0. 93 40 .is 
'.., 0- 72. ERE 0930  40 
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04. - A 0- 3', 4NCT E  ,.,93  53 
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RELATIvE  FREQUENCY W A+ c 

Fig. 2—Variation of magnitude r,f current-amplification factor 
a with relative frequency. 

• 10 

Typical results of the measurements are shown in 
terms of dimensionless variables in Figs. 2 and 3. In 
Fig. 2. the ratio of the amplitude of a at the frequency 
co to the low-frequency value ao is shown as a function 
of the dimensionless frequency ratio co/co, (where coe as 
defined above is the frequency at which ;al =0.707ao). 
Although the experimental points do not lie on a single 
universal curve, the divergence of the results from a 
median curve is not especially great, at least over the 

frequency range considered. The two curves that have 
been drawn in Fig. 2 represent fairly well the extremes 
of values obtained from measurements of approximately 
ten transistors. In Fig. 3, the phase angle (lag) of a is 
shown as a function of w/coe. Here also there is no uni-
versal curve, and the results shown are typical for the 
transistors measured. 
Most of the measurements were made at a dc operat-

ing point of collector voltage E.= —4.5v, emitter cur-
rent /.=1.0 ma. Measurements on one transistor 
(D-103) at various operating points indicated that the 
relative variation of a with frequency is essentially in-
dependent of dc operating point, although both ao and 
co, may depend partly on choice of operating point. 

DISCUSSION OF RESULTS 

The observed variation of a with frequency is in fair 
agreement with the theoretical variation for the ideal-
ized one-dimensional transistor discussed in the Ap-
pendix. However, the construction of the Saby-type 
transistors is sufficiently different from the theoretical 
model that extremely good agreement should not be 
expected.12 A comparison of the experimental values 
shown in Figs. 2 and 3 with the theoretical curves shown 
in Fig. 4 in the Appendix for 00=1 indicates the follow-
ing: The curve of 4)(co) drawn through the crosses (x) in 
Fig. 3 is almost exactly coincident with the theoretical 
curve for 4)(w). Thus, the curve drawn through the cir-
cles (0) in Fig. 3 lies approximately 15 degrees below 
the theoretical curve in the region of co/w, 3. On the 
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Fig. 3—Variation of phase angle (lag) of current-amplification 
factor a with relative frequency. 

other hand, the theoretical curve of A (co) passes between 
the two experimental curves shown in Fig. 2. From the 
number of transistors that was measured, it was not pos-
sible to establish any definite correlation between the 
nature of the observed variation of I al or cl) for a given 
transistor and its value of ao and/or co.. 

11  On the other hand, recent theoretical work by E. L. Steele 
(pp. 1424-1429 of this issue) indicates that the behavior of a versus 
frequency for the Saby transistors can be described by essentially the 
same expression given by Shockley, el at. for the one-dimensional 
model. 
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CONCLUSION 

It has been shown that a decrease in the magnitude of 
the effective current gain in grounded-emitter and 
grounded-collector connections of a junction transistor 
may occur at a fairly low frequency because of the phase 
shift associated with the current-amplification factor a. 
The frequency at which the effective current: gain is 3 
db below its low-frequency value has been calculated 
and has been found to be of the order of (1 —ao) times 
the cutoff frequency of a (where ao is the low-frequency 
value of a). In addition, results of measurements of the 
frequency variation of a for several fused-impurit y p-n-p 
junction transistors have been presented. 
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Fig. 4—Theoretical behavior of current-amplification 
factor a= A ek' as a function of relative frequency. 
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It should be noted that the product of the low-
frequency grounded-emitter current gain and the 
grounded-emitter cutoff frequency is essentially con-
stant and equal to the a-cutoff frequency, independent 
of ao. For a flat frequency response in the grounded-
emitter or grounded-collector connections, a value of ao 
very close to unity may not be desirable. In conclusion, 
the writer wishes to point out that with given transistors 
it is possible to extend the grounded-emitter response 
somewhat beyond the cutoff frequency as calculated 
above, by means of negative feedback. 

APPENDIX 

Theoretical Derivation of the Frequency Variation of the 
Current-Amplification Factor 

For a transistor with a simple p-n junction collector, 
the current-amplification factor a may be written as 
the product of two factors:13 

a = 7/3,  (I-1) 

where 7 is the fraction of the current at the emitter 
junction produced by emitter voltage that is carried 
by minority carriers in the base, and (3 is the fraction of 
these injected carriers that reaches the collector. The 
fraction 7 is assumed to be independent of frequency, 

13W. Shockley, a al., O. Cu., p. 156. 

but the frequency variation of 13 may he described by 
the expressionb 

= sech (1  iwrns) 1" (w/L.)  (I-2) 

where r„, is the lifetime of the minority carriers (m =n 
for electrons, as in the n-p-n transistor; m=p for holes, 
as in the p-n-p transistor), w is the thickness of the 
center, or base, region (the p region for the n-P-n 
transistor), and L„, is. the diffusion distance for the 
minority carriers in the base region. 
At sufficiently low frequencies that (wr„,)2<<I , 

= sech (w/L„,). 

For a good transistor, 

(w/L,„) 2<< 1, so that 

00 = I — i(w/L„,) 2 1. 

Under the assumption that 00=1, the frequency varia-
tion of 13 =a/a0 from (1-2) may be expressed by the rela-
tion 

a/ao = 13  sech (i TD )1 /2 , 

where 

(1-3) ' 

TD  (r0w2/Lm2) =  @ O/ D, j 

is the diffusion t ime of the minority carriers through the 
base region. (.0„, =L„,2/T„, is the diffusion constant.) 
However, for the purpose of this discussion, TD may be 
considered simply as an inherent time constant of the 
transistor. 
At a frequency co, such that corril= 2.43, 2= 1/2 

and  al will be down 3 db below its low-frequency 
value a0= 7. For frequencies small compared to 
COc = 2.43/rD, the hyperbolic secant in (1-3) may be ap-
proximated by the first few terms of its power series 
expansion. 

5 
a/ao 1 — j1(2.43co/wc) — — (2.41.o/L)r)2, 

4! 

(0 ,10 ./c) 2 << 1. 

The amplitude of (a/ao) is approximately 

1  ia/001  + (2.430.,/w,) 2t — 2 Sit "2 

2' 4! _If 
or 

(I-4) 

1 
I a/ao 1 — — (2.43:4/0.0 2 (1-5) 

12 

whereas the phase <6 of (a/ao) is approximately 

— !1(2.43w/ ).  (1-6) 

Comparison of (1-5) and (1-6) with (5) shows that for 
(co/coc)2<<1, 

62 = (2.43) 2/12 = 0.49, 

a = (2.43)/2 1.22. 
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The theoretical variation of I a I /ao and of  as a func-
tion of relative frequency co/wc over a wider range of 
frequencies has been calculated according to (1-3), and 
is shown by the curves in Fig. 4." 
In conclusion it might be noted briefly that the theo-

rectical cutoff frequency o.7c calculated in terms of the 
thickness w of the base region is 

14 Similar calculations have been made for the case of ISO = 0.91. 
When the results are expressed in terms of 0)/0.,,, it is found that they 
differ very little from the results shown in Fig. 4 for $0=1.00. The 
cutoff frequency for 130= 0.91 is w,.=2.60/rD and = 0 .47 , a =1.21. 

wc 2.43  2.43D. 
— =  =   (1-7) 
2r  2rTD 2ro.)2 

If w is expressed in mils (10-s inch), then (using 
13,=44 X 10-4m2/sec, D„= 94 X 10-4m2/sec) 

co, (5.6 X 106/w2)cps  for an n-p-n transistor, { 

2r  (2.6 X 104/w2)cps for a p-n-p transistor. 

Hence, a cutoff frequency of 100 kc for a p-n-p transistor 
corresponds to a base thickness of approximately 5 mils, 
which is the order of magnitude achieved in the fabrica-
tion process. 

C D 

Transistor Amplifier —Cutoff Frequency* 
D. E. THOMASt, SENIOR MEMBER; IRE 

Summary—The effect of positive feedback through the internal 
base resistance of a transistor on circuit cutoff frequency is con-

sidered. 

A
sWOULD BE EXPECTED from standard theory,  
the cutoff frequency of transistor amplifiers is 
greatly affected by feedback. In particular, the 

positive feedback associated with the internal base re-
sistance rb normally lowers the cutoff frequency. Corre-
sponding changes in low-frequency gain are, of course,. 

also present, so that the product of gain and bandwidth 
is approximately conserved. This paper gives several 
examples of transistor amplifiers in which the amplifier 
cutoff frequency and the transistor a cutoff frequency 
may differ considerably as a result of this feedback even 
though linear, nonreactive circuit elements only are 

used. 
Consider first the simple grounded-base transistor 

amplifier driven from a pure resistance linear generator 
and driving a linear resistance load. The schematic cir-
cuit of such an amplifier and its equivalent circuit are 
given in Figs. 1 and 2, respectively. In the interest of 

Fig. 1—Grounded-base transistor amplifier. 

maximu m simplicity, let us further assume that the load 
resistance is negligibly small compared to the transistor 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 18, 1952. 
t Bell Telephone Laboratories, Murray lull, N. J. 

collector resistance. The two linear equations relating 
the voltages and ..currents of this amplifier are 

rbi2 = eg 

(r,,,  rb)ii  eb  R1.)i2 = 0, 

where 

(1) 

R4= R9-1--  rb. 

When RI.,<<r, and ro<<r., the load current i2 is given by 

i2 = 
aeg 

R,(1 — —arb ) 
R, 

Let us assume the frequency characteristic of alpha is 
given by 

(2) 

a = 
ao 

1+ 0fo  

(3) 

Fig. 2—Equivalent circuit of Fig. I. 

where ao is the low-frequency value of alpha and fo is the 
frequency at which the magnitude of a is down by 3 db 
from its low-frequency value. Many transistors show 
this type of cutoff. Substituting the expression for alpha 
in the expression for the load current i2, we get 

• I 
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is = 

e.a0 

(r b) 
R,( o 1 — --

R. 
1 -Fj[ 

Jo — 

  , (4) 

and the load current i2 is seen to have a cutoff charac-
teristic similar to that of alpha but in which the cutoff 
frequency is now [1 — (aorb/R.)] times the alpha cutoff 
frequency. 
If we consider the very low-frequency return differ-

ence' F of the feedback through the base resistance as 
determined from (1), we see that 

A  aorb 
F = 1 µ13 = — = 1   

Ao R. 
(5) 

where Ao is equal to A when r, is made equal to zero. 
For the assumed a cutoff of 6 db per octave, the cir-

cuit cutoff frequency is changed in the same ratio as the 
gain by the feedback through the base. Therefore, to 
the extent to which the low-frequency gain is enhanced 
by positive feedback, the circuit cutoff frequency is re-
duced with respect to the alpha cutoff frequency by the 
same ratio. In the asymptotic region well above the 
alpha cutoff frequency where the feedback loop gain 
becomes small compared to 1 as a result of a cutoff, the 
circuit gain is the same as it would be if rb were equal to 
0. This indicates that the reduction in circuit cutoff 
frequency is caused by increasing the gain by positive 
feedback at the expense of narrowing the band, a result 
which is inevitable in the light of well-known circuit and 
feedback theory. 

Fig. 3--Grounded-emitter transistor amplifier. 

rm Le = -rm (LI+ L2) 

Fig. 4—Equivalent circuit of Fig. 3. 

Next consider a grounded-emitter transistor ampli-
fier driven from a pure resistance linear generator and 
driving a linear resistance load. The schematic circuit 
of such an amplifier and its equivalent circuit are given 
in Figs. 3 and 4, respectively. The two linear equations 
relating the voltages and currents of this amplifier are 

I See If W. Bode "Network Analysis and Feedback Amplifier 
Design," D. Van Nostrand Co., Inc., New York, N. Y., pp. 47-48. 

where 

R  + r,i2 = eg, 

(r, — r„,)ii (r.  r,  RL — r,,,)it = 

I?, = -I- r. rip 

November 1 

(6) 

•1 

When RL<<r, and rb<<r„„ the load current i2 is given by 

ae, 

a(rb + R.) \ 

R. 1 

(7) 

If the very low-frequency return difference for the 
grounded-emitter amplifier is determined from (6), we 
get 

A  cei,(rb 
= 1 — =  = 

a,  R. 
(8) 

From the similarity of (7) and (8) with (2) and (5), 
respectively, we can expect the same correlation between 
gain enhancement and circuit cutoff frequency reduc-
tion due to positive feedback through the base circuit as 
was observed in the grounded-base amplifier. Actually, 
the effect is increased in the grounded-emitter amplifier 
by the introduction of the generator resistance in the 
base circuit, thereby increasing the positive-feedback 
loop gain. 

Next consider the current gain of a grounded-emitter 
n-p-n amplifier in which the load resistance is negligibly 
small compared to the collector resistance; thus 

a 
22 —   ji 

1 — 
(9) 

or for the example given in the article where a eqii,tk 
0.9785, 

i2 = 45.5i1.2 

If we put the expression of (3) for alpha in (9), we get 

22 — 
ao 

(1 — ao) (1 j [  1) 

(I — «OM/ 

(10) 

From (10) we see that to the extent that the current 
gain is increased at low frequencies by (1/1 —ao) the 
cutoff frequency is reduced by (1/1 —ao). Thus in the 
circuit in question, if the transistor has a low frequency 
a of 0.9785 and an a cutoff given by (3) above with Jo 
equal to 2 mc, the cutoff of the current gain given by 
(10) above would be at 2 X106(1 —0.9785) or 43 kc. 
It is interesting to examine the mechanism which 

causes the current gain cutoff to be so far below the a 
cutoff frequency. In the assumed circuit the current 

2 R. L. Wallace and W. J. Pietenpol, "Some circuits properties 
and application of n-p-n transistors," PRoc. I.R.E., vol. 39, pp. 753-
767; July, 1951. 
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gain depends upon 1/1 —a, and is large because a is 
very close to unity. If the expression for a as a function 
of frequency given in (3) above is expanded in a Taylor 
series, we get 

/f \ 2 / f  \a 

a = ao 1  —f — j 
/0  f0 

4 f 

+  - • • •] for  (=-) 2 < 1. (11) 
fo 

The first quadrature term of a will I ecome important 
in 1—a and, therefore, in changing current gain when 
aof/fo becomes appreciable in magnitude compared to 
1 —ao. This will occur at frequencies of the order of 

(1 —ao)fo. However, since 1 —ao<<1, this means that all 
higher-order terms of a than the first quadrature term 
are negligible in this frequency region. It follows that 
only the phase shift in a is important in reducing the 
current gain cutoff frequency in question; the magnitude 
change in a is second order. The same thing is true of 
more complex a-frequency cutoffs, and also would hold 
for phase shifts of the nonminimum type if they should 
be found to exist. 
The above examples demonstrate the necessity of 

careful consideration of the relationship between circuit 
and a cutoff frequency in those transistor circuits in 
which maximum frequency response is a design objec-
tive. 

On Some Transients in the Pulse Response of 
Point-Contact Germanium Diodes* 

M. C. wArrzt 
Summary—Several recovery time effects in germanium point 

contact diodes are described and a hypothesis is proposed to explain 
the observed effects. This hypothesis postulates the presence of 
traps in the germanium p layer near the point electrode. Measure-
ments and computations based on this hypothesis give trap densities 
of the order of 10"/cm3, trap depths in the energy band of the order 
of 0.3 electron volts, and capture cross-section diameters for the 

traps of the order of 0.3 A. 

I NT RODUCTION 

T
HE "HOLE-STORAGE EFFECT" observed and 
named by Michaels and Meacham' has for some 

  time now been a deterrent to the use of germa-
nium diodes in certain pulse applications. The effect has 
shown up as a form of crosstalk in certain PCM sys-
tems, and more recently has been particularly trouble-
some in high-speed computer systems. 
The hole-storage effect is observed whenever a voltage 

is applied to a germanium diode, suddenly changing it 
from the conducting to the nonconducting state. The ef-

fect may be thought of as a slowness in the ability of the 
diode to become nonconducting after the nonconducting 
voltage has been applied. In other words, the high re-
verse resistance commonly associated with the diode 
does not immediately appear if there has been a forward 
current flowing just previous to the application of re-
verse voltage. Thus, if a diode, for instance, is used as a 
rectifier, as shown in Fig. 1, it should have an output as 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, August 20, 1952. 
t Bell Telephone Laboratories, Murray Hill, N. J. 
I S. E. Michaels and L. A. Meacham, Letter to the Editor, Phys. 

Rev., vol. 78, pp. 175-176 ; April 15,  1950.  

shown at (a) if it exhibits no hole-storage effect, but in a 
diode showing the hole-storage effect, the output is as 
shown at (b). 
A closer look at certain aspects of the hole-storage 

effect has brought to light several difficulties with the 
original concept that the effect was one of hole storage 
in the simplest sense. 

100 kc OUTPUT 

(b) 

Fig. 1—Output wave forms of germanium point contact diode as a 
rectifier; (a) at low frequencies, (b) at high frequencies. 

PRESENT PICTURE OF THE POINT CONTACT 
DIODE 

The point contact germanium diode which we are go-
ing to discuss is one made by the Western Electric Com-
pany. It is fabricated in the following fashion: A wafer 
approximately 0.050 inch X0.050 inch X0.025 inch is cut 
from n-type germanium having a purity such that the 
resistivity is the order of the one-to-ten ohm-cm. The 
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material may be either a single crystal or polycrystal-
line. The wafer is attached to one electrode of the diode 
by a copper plating and soft soldering technique in such 
a way that an ohmic or nonrectifying contact is estab-
lished between the electrode and the germanium wafer. 
The exposed surface of the germanium wafer is cleaned 
by a chemical or an electrochemical etching treatment. 
A wolfram wire, sharpened to a point, is connected to 
the other electrode of the diode and brought into con-
tact with the exposed, cleaned surface of the wafer. An 
electrical current of the order of an ampere is forced 
through the device for about one second to "form" the 
device. Diodes made by this means are generally re-
ferred to as "400 type varistors." A section of such a 
diode is shown in Fig. 2. 

MOLDED SHELL 

POINT ASSEMBLY 

TERMINAL  

SLEEVE-

GERMANIUM WAFER 

r T 
"-,Lt .t 

Ink 

Fig. 2—Sectional view of point contact germanium diode. 

The seat of the rectification of this device is in the 
vicinity of the point contact on the germanium surface. 
The effect of the forming is to cause a conversion of the 
n-type germanium near the point to p-type. Fig. 3 shows 

Fig. 3—Section of region near the point in a 
point contact germanium diode. 

a drawing of the section through the point contact. 
Probe type measurements have been made which per-
mit us to give the approximate dimensions of the formed 
region, as shown. The resistivity of the p-type germa-
nium is quite high, of the order of ten ohm-cm. The 
wolfram point is assumed to make a nonrectifying con-

tact to the p-type germanium, all the rectifying behav-
ior being due to the n-p junction created by this means. 
Computations2.3 based on the geometry shown in Fig. 3 
and using the above assumptions check the order of 
magnitude of the reverse saturation current observed in 
this type of diode. This simple picture allows us to ex-
plain the dc forward characteristic and the low-level re-
verse characteristics, i.e., in the saturation region. 

MEASUREMENTS OF THE EFFECT 

The hole-storage effect has been measured by a va-
riety of means of which the method illustrated in Fig. 1 
is the simplest. A method due to R. R. Blair is shown in 
Fig. 4. In this circuit a current in the forward direction 

Fig. 4—Schematic diagram of measuring circuit. 

DIODE UNDER TEST 

—  9V 

is forced through the diode under test. When the con-
tact s closes, a reverse voltage is applied and the peak 
reverse current measured. 
Although the measurements made on this test set us-

ing a peak reading voltmeter were consistent and repro-
ducible, they were not always a sufficient criterion to 
determine the -usefulness of a diode in a particular cir-
cuit. There seemed to be some aspect of the effect that 
was not being checked by this circuit. Replacing the 
peak reading meter by an oscilloscope having a band-
width of the order of 18 mc allowed us to observe the 
actual shape of the reverse current transient. Fig. 5(a) 
shows the approximate shape of the transient as ob-
served with this oscilloscope. Using a viewing oscillo-
scope with a wider bandwidth (70 mc) the transient was 
as shown in Fig. 5(b). The difference in shape between 
5(a) and 5(13) indicated that the true shape of the initial 
rise of the transient was not being observed. Accord-
ingly, a special oscilloscope assembled by L. H. Germer 
was used to examine the leading edge of the transient. 
This instrument had a rise time of 1.5 mils. The shape 

2 H. C. Torrey and C. A. Whitmer, "Crystal Rectifier," McGraw-
Hill Publishing Co., New York, N. Y.; 1948. 

3 W. Shockley, "Electrons and Holes in Semiconductors," D. Van 
Nostrand Co., New York, N. Y.; 1950. 
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of the leading edge is shown in Fig. 5(c). Due to the 
type of sweep used with this instrument, it was difficult 
to locate the base line for longer times than shown 
in Fig. 5(c). 
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Fig. 5—Shape of the reverse current transient as viewed with varying 
bandwidth oscilloscope. (a) 18 mc; (b) 70 mc; (c) 200 mc. 

From the above measurements the transient is seen to 
consist of at least two parts. The first is a very large cur-
rent lasting for a time of the order of 10 rnia, followed 
by a trailing off part having a time constant of the order 
of 50 mils. Fig. 6 shows a typical idealized transient. 

0 
0 50  100 

TIME  IN MAL sec 

Fig. 6— Idealized reverse current transient. 

150 

SOME COMPUTATIONS CONCERNING THE EFFECT 

For simplicity in making the computations, we will 
assume a linear geometry rather than a radial one. This 
will introduce an error, but will be sufficiently accurate 
at this stage to check the order of magnitude of some of 

the parameters. 

First let us compute the fraction of current carried by 
holes in this particular n-p junction during forward cur-
rent flow. 

7p — /  = I + cr,,L,fir,W 

where 
I,= current carried by holes, 
I = total current, 

an and a,=electrical conductivity of n and p regions, 
L,=diffusion length for holes = 

where 
D =diffusion constant for holes, 
= average lifetime of holes, 

W= thickness of p layer. 
Now assuming reasonable values for these parameters, 

namely, 
cr„=1 mhos/cm, 
a,= /1.0-  mhos/cm,   
L,= N/42X50X10-4 =45 X10-3 cm, 
W=2 X10-3 cm, 

we get 

(1) 

l'p —   
1 + 45 X 10-3 /2 X 10-3 

5  10 

2 per cent. 

(The error due to the assumption of a linear geometry 
will make the above computed value too low.) 
This tells us that when forward current is flowing 

through the diode, only about 2 per cent of the current 
is carried by holes moving into the n material and there-
fore about 98 per cent of the current is carried by elec-
trons flowing into the p region. We can therefore almost 
disregard the current flow into the n region, and deal 
only with the p region. As supporting evidence, very 
low values of 7 have been observed when using a formed 
point of this type as an emitter in a transistor. 
Now let us compute the transit time of an electron 

across the p layer. This time should be a measure of the 
length of the transient when the voltage on the diode is 
changed from forward to reverse. 
The transit time, ts, neglecting diffusion, is 

i.t„E 

where tin = mobility of electrons, 
E= field, 

assuming a drop of 0.1 volt in the p layer, a drop in 
agreement with spreading resistance calculations, we 
get 

ft = 

It = 

1 + 45 

2 X 10-3 4 
- X 10-8 P.-- 10 mtis. 
3.5 0 . 1 

3,500 X   
2 X 10-8 

(2) 

This time is very much shorter than the time associated 
with the tail of the transient, but does check fairly 

1 
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closely with the initial part of the transient. Thus, we 
are led to believe that the first part of the transient may 
be an actual transit storage effect, but it is an "electron 
storage" instead of a "hole storage." 
We are now confronted with the problem of explain-

ing the second part of the transient. It could be due to 
the collection of the holes that have been injected into 
the n material. Even though the fraction of current car-
ried by the holes is very small, the volume for the stor-
age of holes is large enough to permit a storage of charge 
as large as we have shown in Fig. 6. However, if the tail 
were due to this cause, the decay time of the tail would 
then be related to the lifetime of holes in the n material. 
Our observations show that the decay time seldom ex-
ceeds 50 mils, and is not often much less than 30 mµs. 
These time constants are two to three orders of mag-
nitude smaller than the lifetime of the germanium. 
Since the simple picture does not seem to explain the 

observations, we are led to postulate a more complex 
structure. Suppose, during the forming process, that not 
only are acceptor levels generated in the region under 
the point, but that trapping levels are also introduced. 
Thus, we are to imagine that the region under the point 
has a certain density of traps. Now when forward cur-
rent is flowing in the diode, some of the electrons in 
flowing through the p region are caught in traps. The 
number caught in the traps would be proportional to the 
density of traps, the density of electrons, and the cap-
ture cross section of the trap. The time an electron 
would stay in the trap before it was released due to ther-
mal agitation would be related to the depth of the trap 
in the energy gap and to the absolute temperature. 
Now, when the applied voltage is reversed, we would 
first collect the electrons in transit to give us the spike 
of the transient curve, then we would collect the elec-
trons as they were released by the traps to give us the 
tail of the curve. 
To check the validity of this hypothesis, it is instruc-

tive to make a few computations to check that unrea-
sonable values of trap density and depth of trap in the 
energy band are not obtained. 
First, if the current in the tail is due to trapping, then 

the area under the tail should be a measure of the total 
electrons trapped. From :Fig. 6:it is seen that the extra-
polated current at zero time is approximate 2 ma, and 
the time constant is about 50 maus. Thus the area under 
the curve is 

Q = 2 X 10-8 X 50 X 10-9 = 10-3  coulombs 

10-3  
n = - 6 X 108 electrons 

1.6 X 10-" 

giving a density of trapped electrons, assuming geome-
try of Fig. 4, of 

lig — 
6 X 106 

3 X 10-8 
- 2 X 103 electrons/cm'. 

If all the traps are filled, this would also correspond to 
the trap density, so 

NI = 2 X 103 traps/cm3. 

This is a reasonable trap density, corresponding to one 
trap for each million germanium atoms. 
To find the depth of the trap in the energy level, we 

can make use of the approximate equation' 

kT 
u = —  In (yr) electron volts (3) 

where r is mean time in trap, v is frequency of atomic vi-
bration --40"/sec for most materials, u is depth of trap. 
Making r=50 mils =50 X10-9 sec., we get u =1/40 In 
(103 X50 X10-9 ) =0.32 electron volt. 
This value for the depth of the traps appears to be 

reasonable, whereas a depth of 0.4 or more ev in ger-
manium would not be reasonable. 
Since temperature enters into the trap depth in (3), 

it is possible to make measurements of the recovery 
characteristic as a function of temperature, and check 
theory and experiment. Also, since it is possible to fill 
the traps by shining light on the germanium, the effect 
can be measured as a function of the light intensity, to 
provide a further check. 

The presence of the electrons in the traps, if the traps 
were originally electrically neutral, requires a hole to 
be drawn from the metal electrode to establish neutral-
ity in the p-region. The presence of these extra holes 
should contribute to the conductivity of the p material 
and thereby lower the spreading resistance when for-
ward current is flowing. An effect of this type is observed. 
Fig. 7 shows the forward current that flows when a for-
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Fig. 7— Typical forward current transient. 

ward voltage is suddenly applied. The forward current 
rises rapidly to some value, then, much more slowly, to 
some final value. The time constant of the slow rise is 
the order of 1µ second, with the amount of the slow rise 
amounting to from zero to 50 per cent of the final value. 

4 N. F. Mott and R. W. Gurney, "Electronic Processes in Ionic 
Crystals," Clarendon Press, Oxford; 1940. 
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:he presence of reverse current just preceding the for-
brard has no additional effect. 
- If this slow rise is due to the trapping of electrons in 
he p layer with subsequent increase in the number of 
tole carriers, then the time constant of the slow rise 
.hould be the average time an electron can stay in the p 
egion before becoming trapped. The capture time, 
ilong with the trap density, allow us to compute a cap-
:ure cross section for the traps. Thus, 

1 
g   7,7 (4) 

Tf91, T 

where rj=capture time, v = thermal velocity of electron 
:1 X10 cm/sec), NT = number traps. 

Substituting rf =10-s sec, v=107 cm/sec, NT = 2 
X 1016/cm3, we get 

1 1 
—  = — 5 X 103 cm2, 
10-2 X 107 X 2 X 10'. 2 X 10'7 

or a diameter of approximately 0.3 A. Here, again, the 
answer is reasonable. 
In view of the above checks between observations and 

computations, it would seem reasonable to suppose that 
the role of trapping levels in explaining some of the 
transient phenomena in point contact germanium di-
odes has been established. More experimental work will 
be required to establish definitely the place of traps in 
these phenomena. 

Pulse Duration and Repetition Rate of a 
Transistor Multivibrator* 

G. E. McDUFFIE, 

Summary—Expressions are obtained for the pulse duration and 
repetition rate of an astable multivibrator circuit employing contact-

type transistors. These expressions are confirmed by experiment for 
repetition rates of from 200 to 10,000 cycles per second. 

INTRODUCTION 

U
NDER certain circuit conditions, the emitter, 
base, and collector of contact-type transistors 
can exhibit negative-resistance characteristics.' 

It is the purpose of this paper to present expressions for 
an astable multivibrator circuit, relating pulse length 
and repetition rate with the emitter negative-resistance 
characteristics of contact-type transistors and the ex-

ternal RC termination. 
Relaxation oscillation will take place if a load consist-

ing of a parallel resistance and capacitance is placed 
across the emitter terminals of a contact-type transistor 
employing base feedback.2 Such a circuit and its asso-
ciated curve are shown in Fig. 1. For astable operation, 
the value of emitter load resistance RE is such that the 
load line intersects the negative-resistance portion of the 
curve. The operating point would normally be stable. 
However, the condenser produces a virtual short-circuit 
in parallel with Rs and the operating point moves 

• Decimal classification: R282.12XR146.2. Original manuscript 
received by the Institute, July 2, 1952. The material for this paper 
was taken from an M.E.E. thesis, submitted to the Department of 
Electrical Engineering, The Catholic University of America, Wash-
ington, D. C. 
t Dept. of Electrical Engineering, The Catholic University of 

America, Washington, D. C. 
I R. M. Ryder and R. J. Kirchner, "Some circuit aspects of the 

transistor," gel! Sys. Tech. Jour. vol. 28, pp. 367-401; July, 1949. 
2 A. E. Anderson, 'Transistors in switching circuits," PRoc. 

I.R.E., vol. 40, pp. 1541-1559; this issue. 

around paths 1, 2, and 3. Thus the condenser is al-
ternately charging and discharging between voltages 
VBP and Vv. When the operating point is in the nega-
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Fig. 1—Operating characteristics of emitter 
negative-resistance astable multivibrator. 

tive low-current region, the condenser is discharging 
through RE in parallel with a relatively high emitter-
input resistance. When operation is in the positive 
high-current region, the condenser is charging through 
a relatively low emitter-input resistance paralleled by 
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RE. Signal output of rectangular pulses is obtained from 
the collector. Low emitter-current operation corre-
sponds to the "dead time" between collector pulses and 
high current emitter current to collector-pulse duration. 
Fig. 2 shows oscillograms of emitter and collector 

voltage waveforms as measured between emitter and 
ground and collector and ground for astable operation 
of a typical transistor multivibrator employing a de-
velopment model of the Western Electric A-1698 con-
tact-type transistor. 

Fig. 2—Emitter voltage, VE(t), superimposed on collector voltage 
Vc(t). Total time base is approximately 12 msec. 

COLLECTOR PULSE LENGTH 
AND REPETITION RATE 

The equivalent circuit of an astable emitter nega-
tive-resistance transistor multivibrator can be reduced 
to that shown in Fig. 3 with the following assumptions: 

Vo 

yEE 
T 

i 2 RII vE(t) 

Fig. 3—Equivalent circuit of emitter negative-resistance 
astable multivibrator. 

The equivalent circuit of an astable emitter negative-
resistance transistor multivibrator can be reduced to 
that shown in Fig. 3 with the following assumptions: 
(a) transition from the negative, low-current region of 
the emitter negative-resistance characteristic curve to 
the positive current-positive-resistance region is in-
stantaneous, resulting in zero rise and fall time of the 
collector pulse (i.e., only frequencies well below cutoff 
will be considered); (b) the emitter negative-resistance 
characteristic curve is linear in the negative, low-current 

region and the positive current-positive-resistance re-
gion.' 
In the equivalent circuit, RIN is the input resistance 

as seen between emitter and ground and corresponds to 
the reciprocal of the slope of the assumed linear region 
under consideration. Vx is the dc component of the 
assumed linear regions, and corresponds to the intersec-
tions of the linear approximations and the voltage axis. 
The intercepts for the two assumed linear regions are 
shown in Fig. 1; the low-current intercept is designated 
V Ep and the positive current-positive-resistance inter- • 
cept VEY°. V EE is the terminal voltage of the emitter I 
supply. 
To find the general expression for the time required , 

for the voltage across the emitter terminals to change 
from one limiting value to another, the differential loop 
equations for the equivalent circuit are solved for 12(0 
and the following expression obtained:4 

Vo — Vx  VER — Vx 
12(1) =   e--0 ' (1 — e-P).  (1) , 

R1N RE ±  RIN 

Vo is the initial charge on the condenser and 

Rg RIN 

D   
itE RIN C 

The instantaneous emitter voltage, vz(t), is found by 
the summation of the voltage drop across Rip, and Vx. 

vE(t) = Vx (Vo — Vx)e-0 ‘ 

W EB — Vx)RrN  
(1 — e--0 9.  (2) 

RE +  RT31 
Solving for / gives 

1  Vo(RE RrN) — (V zRz VEBRIN)  
= — In \ (3) 

vE(t) [RE +  (VE RB + V EE RIN 

Equation (3) defines the time required for the voltage 
across the condenser to change from one limiting value 
to another. 
Consider astable operation as shown in Fig. 1. In the 

low-current region of the curve vE(t) will change from 
Vgy to Vgp. Thus 

V0 = V . 

V (t) = V E P 

V. = Vgp, 

and (3) becomes 

15IL V EP( RE  & Vt.) -  (V EP RIS  VEE R! XL) 

Equation (4) defines the time during which operation is 
in the low-current region; this corresponds to the quies-
cent time between collector pulses. 

3 G. F. Farley, "Dynamics of transistor negative-resistance cir-
cuits," PROC. I.R.E., pp. 1497-1508; this issue. 

See Appendix. 

I  V Er( RE ±  RING)  (VEP RE ±  V EE RINL) 
IL =  In   (4) 
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In the high-current region of the curve, vE(t) varies 
between Vgp and Vim and 

V() = VE p 

VE(1) = Vgy 

V x = VEVO. 

Equation (3) now becomes 

1  V8p(RE  (VevoRE-4--  VEERIsu) 
=  In , , n ,  , (5) 
pH v HvkitE -t- nrNu) —  v EvoRE VEERtNni 

Equation (5) defines the time during which operation is 
in the high-current region and corresponds to collector 
pulse duration. The reciprocal of the repetition rate is 

the sum of IL and tn. 

EXPERIMENTAL RESULTS 

To verify the developed expressions, the static VE 
versus IE curve was plotted. Typical values of circuit 
parameters giving negative-resistance are shown in 
Table I. From this curve the necessary emitter negative-

TABLE I 

CIRCUIT PARAMETERS 

Rc =2,200 ohms 
R8 =6,800 ohms 
Vec= —45 volts 
VEE=  0 volts 

resistance parameters were obtained; values are shown 
in Table II. Collector pulse lengths and repetition rates 
were then measured for an emitter load resistance of 
15,600 ohms and various values of capacity. 

TABLE II 

NEGATIVE-RESISTANCE PARAMETERS 

R18 (high-current region) =1820 ohms 
Rip, (low-current range) =240,000 ohms 
VEY= —23.0 volts 
Vgvo= —30.1 volts 
VEP= — 16.8 volts 

Fig. 4 is a plot of calculated and measured values of 
collector pulse lengths and the reciprocals of the repeti-
tion rates versus capacity. The curves were plotted using 
the calculated values of In and tz,+tH. The measured 
values were then spotted on the co-ordinates and en-
closed by circles representing approximately 5-per cent 
deviation. From these curves it can be seen that the 
developed expressions are valid over a wide range of 
pulse duration and repetition rates. 

1000 

° too 

- REPETITION RATE 

PULSE LENGTH 

10 
0.01  0 I 

CAPACITY IN NICROFARADS 
10 

Fig. 4—Pulse duration and repetition rate versus capacity. 
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APPENDIX 

The differential loop equations are as follows: 

1  1 

VBE = il RE  f id1 —  —  f  i2dt, 

1  1 
— V x = — —  iich  i2Rn  — f i2di. 

Introducing Laplacian transforms gives 

V EE  1 Vo 1 
= li(S)RE —  MS)  — — r2(S), 

CS S  CS 

V1 1  1 170 
—  It(S)  R1112(S) + — 

CS 12(5)CS  •  

Solving for /2(s), 

Vo — Vx  Vss —  
I2(S) —   

R11 (S  S(S +11)RRRfiC 

The current as a function of time is then 

vo 
i2(1) — —  V X VEg — VI +  (1 — ca"). 

Rti  Rg + R11 
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Junction Transistor Equivalent Circuits and 
Vacuum-Tube Analogy* 
L. J. GIACOLETT0t, SENIOR MEMBER, IRE 

Summary—The junction transistor possesses operating charac-
teristics that are closely comparable to a modified triode vacuum 
tube. A direct comparison between the two devices is particularly 
interesting if a r equivalent circuit is used for the transistor. The 
vacuum-tube analogy and transistor equivalent circuits are con-
sidered in some detail in this paper. For purposes of comparison, a 
tabulation of operating characteristics of a transistor and a vacuum 
tube has been prepared. 

INTRODUCTION 

IN RECENT PUBLICATIONS,'.2 the point-con-
tact transistor has been considered as a device that 
is a dual of a vacuum tube. The junction transistor,' 

on the other hand, can be related directly to the vacuum 
tube." This direct relationship is emphasized by com-
parison with a slightly unusual vacuum tube. 

/ BASE 
EMITTER  COLLECTOR 

(0, ) 

GRID 
CATHODE,  ANODE 

(b) 

Fig. 1—n-p-n transistor and corresponding vacuum tube. 

• Decimal classification: R282.12X R131. Original manuscript 
received by the Institute, August 4, 1952. 

RCA Laboratories Division, RCA, Princeton, N. J. 
1 R. L. Wallace. Jr. and G. Raisbeck, 'Duality as a guide in 

transistor circuit design," Bell Sys. Tech. Jour., vol. 30, pp. 331-417; 
April, 1951. 

2 R. L. Wallace, Jr., "Duality, a new approach to transistor circuit 
design," Pa m. I.R.E., vol 39, p. 702: June, 1951, 

3 R. L. Wallace, Jr. and W. J. Pietenpol, "Some circuit properties 
and applications of n-p-n transistors," PROC. I.R.E., vol. 39, pp. 
753-767; July, 1951. 
' A direct relationship between the junction transistor and 

vacuum tube was indicated by W. Shockley, U. S. Patent 2,569,347. 
See, also, W. Shockley, "The theory of p-n junctions in semiconduc-
tors and p-n junction transistors," Bell Sys. Tech. Jour., vol. 28, pp. 
435-489; July, 1949 and W. Shockley, M. Sparks, and G. K. Teal, 
"p-ts junction transistors," Phys. Rev., vol. 83, pp. 151-162; July, 
1951. 

VACUUM-TUBE ANALOGY 

Consider an n-p-n junction transistor in Fig. 1(a) 
consisting of an emitter plane, base, and collector 
plane. The comparable vacuum tube is shown immedi-
ately below in Fig. 1(b). The cathode is directly 
analogous to the emitter, and the anode to the collector. 
In the transistor the active region is the p-type ger-
manium base. The corresponding active region in the 
vacuum tube is the space included between the cathode 
and anode. In order that the vacuum-tube active space 
be field free, as is approximately the case in the transis-
tor, the vacuum-tube active space is enclosed between 
two grids connected together to form a grid structure 
which is now comparable with the transistor base 
element. 
The junction transistor collector characteristics are of 

a pentode character, i.e., the collector current saturates 
as a function of the collector voltage. This is equivalent 
to saying that the collector current is independent of the 
collector voltage, or more accurately, that the emitter 
is not influenced to any appreciable degree by the col-
lector voltage. The same operation is characteristic of 
the structure of Fig. 1(b) since the cathode field will be 
essentially independent of the anode voltage. For the 
structure of Fig. 1(b) the cathode will have to be biased 
negatively with respect to the grid in order to get any 
significant anode current. This again is entirely analo-
gous to similar bias arrangements in a transistor. The 
ensuing grid curreni is comparable to the base current. 
A current amplification factor, a= —4,/Ik, can be de-
fined for the vacuum tube similar to that defined for a 
transistor. Here, L. is the short-circuited ac anode cur-
rent and Ii, is the ac cathode current. 
Consider the grid-to-anode region. The electrons 

leaving the grid structure are drawn to the anode be-
cause of the positive voltage thereupon. If the grid-to-
anode voltage is small, the electron flow will be of a 
space-charge character. For a somewhat larger grid-to-
anode voltage the anode current reaches a value which 
remains the same for any larger grid-to-anode voltage, 
i.e., the anode current has saturated at a value cor-
responding approximately with the current entering 
the grid structure. Now, if the cathode is made more 
negative with respect to the grid, more electrons are 
injected into the grid structure so that the anode cur-
rent saturation value is correspondingly increased. A 

I closely analogous operation takes place in the n-p-n 
transistor. The base-to-emitter voltage determines the 
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number of electrons entering the base wafer. These 
electrons flow to the collector and become the corre-
*sponding saturation collector current. The correspond-
ence between collector characteristics and anode char-
acteristics is immediately apparent. 
The discussion above has centered about an n-p-n 

junction transistor. A p-n-p junction transistor might 
be considered analogous to a vacuum tube of the type 
shown in Fig. 1(b) in which the cathode emits positrons. 
The charge carrier for either device is now positive so 
that all voltage polarities must be reversed after which 
the statements made above can be applied. 
In the past, the collector characteristics have usually 

been plotted with the emitter current as the running 
parameter. This method of presentation using data of 
an early experimental RCA p-n-p junction transistor is 
shown in Fig. 2(a). In order to emphasize the tube 
analogy it is desirable to use the base-to-emitter voltage 
as the running parameter as shown in Fig. 2(b). In ac-
cordance with vacuum-tube practice, the voltages in 
Fig. 2(b) are measured with the emitter as the reference 
point so that Vce will differ slightly from VC13.6 

COLLECTOR -BASE VOLTAGE (V") 
-10 -8 

1  1  1 

-6 -4 
1 
-2  0  2C) 

5 

10 

EM ITTER MILL IAMPERES IE=15 

-20 

Fig. 2(a)— Collector characteristics of p-x-p junction transistor. 

COLLECTOR - EMITTER VOLTAGE (VcE ) 

-10  -8 -6 -4  -2   

-0 15 

•0 20 

-0 25 

-15 

BASE VOLTS VBE 2 -0 30 

Fig. 2(13) —Collector characteristics of p-n-P junction transistor. 

Fig. 3(a) shows the input characteristics of the trans-
istor to complement the output characteristics of Fig. 
2(b). The associated transfer characteristics are shown 
in Fig. 3(b) and are similar to transfer characteristics 

1 for the vacuum tube of Fig. 1(b) if due allowance is 

• Throughout this paper, upper-case letter subscripts will be used 
to denote dc values, and lower-case letter subscripts will be used to 

) denote root-mean-square ac values. 

made for the difference in carrier polarity. It is ap-
parent that the transistor exhibits nonlinear transfer 
characteristics. The linear operation of a transistor is 
therefore not appreciably different from a vacuum tube, 
with degeneration being required for either device if 

linear operation is desired. 

BASE - EMITTER VOLTAGE (V„) 

-0.3  -0.2  -0.1  0 

‘JJ 

0.1 

02 

-03 

-0.4 

-0.5 

Fig. 3(a) —Base characteristics of p-n-p junction transistor. 
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Fig. 3(b) —Transistor characteristics of p-n-p junction transistor. 

TRANSISTOR TRANSCONDUCTANCE 

The transistor transconductance is shown in Fig. 4. 
The gm curve is roughly exponential and is somewhat 
similar to vacuum tube gm curves except for magnitude. 

-03 

= -6 VOLTS 
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Fig. 4— Transconductance characteristics of P-n-f, 
junction transistor. 
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The nature of the transistor g„, curve can be understood 
in an approximate way from the transistor operation 
described above. Since the collector current is ap-
proximately the same as the emitter current, the trans-
conductance is about equal to the emitter conductance, 
1/r., which Shockley has shown to be eIE/kT. Conse-
quently, the transconductance to emitter current ratio, 
g„,/IE=elkT= 38.6. Here, e is the absolute charge of an 
electron, k is Boltzmann's constant, and T is the ab-
solute operating temperature of the transistor. This 
ratio of 38.6 is a theoretical value, but does not differ 
appreciably from measured values when the emitter 
current is small. For vacuum tubes the same transcon-
ductance to current ratio has a theoretical value of 11.6 
although measured values are hardly ever larger than 
2. Thus the transistor has at least a 20:1 larger value 
than vacuum tubes for this important constant. 

EQUIVALENT CIRCUITS 

The T equivalent circuit has been used most fre-
quently in connection with transistors. , 8 In contrast, 
the w equivalent circuit has usually been used in con-
nection with grounded-cathode vacuum tubes. If Fig. 
5(a) there is shown the common-emitter T equivalent 
circuit for the p-n-p transistor being studied. The major 

Ta. -.036 MA. 

rb=182 
BASE 

iV8E . - .I65V 

rc =11.5K 

I • -2MA 

  COLLECTOR 

rm 'b -0.503 x106 lb 

re. -.036 MA 

BASE 

EMITTER 

(0) 

rbc  .0.645 MEG 

I%/BE  -.I65V  091.1  

"er 

A A A 

0 

EMITTER 

( b ) 

Fig. 5—T and r equivalent circuits of p-n-p junction transistor. 

1V,, • -6.2V. 

- 2MA 

COLLECTOR 

Vc E -6.2V 

difference8 between this equivalent circuit and the more 
familiar common-base circuit is that the resistor in series 

• W. M. Webster, E. Eberhard, and L. E. Barton, "Some novel 
circuits for the three-terminal semiconductor amplifier," RCA Rev. 
vol. 10, pp. 5-16; March, 1949. 

7 R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 
transistor," Bell Sys. Tech. Jour., vol. 28, pp. 367-400; July, 1949. 
a M. J. E. Golay, "The equivalent circuit of the transistor," PROC. 

I.R.E., vol. 40, p. 360; March, 1952. 

with the collector terminal for the latter is r, —r,. = 0.514 .1 
Ma Fig. 5(b) shows the equivalent r circuit of the same a 
p-n-p junction transistor shown in Fig. 5(a). The 
equivalent circuit is transformed to a r circuit in ac- : 
cordance with the theory developed by Peterson.8 
From the component values given in Fig. 5(b) it is ; 

seen that, although the resistance between the input 
and output is not infinite, as is the case for a vacuum 
tube, it is large so that, to an approximation it is per-
missible to consider the input and output circuits inde-
pendently. For comparison purposes, the 7 equivalent 
circuits for the common-base and the common-collector ; 
circuits are shown in Fig. 6(a) and (b), respectively. 

= 2.036 MA 

0  
EMITTER 

re, =60K 

A A A 

Vca  = .I65V 
< 
< 
.0 
..s' 

I • -• 036 MA 

BASE o  

BASE 

(a) 

I = 2MA c 

COLLECTOR 

ivco=-6DV 

be 953  I • 2 036 MA 
r ' E 

EMITTER 

COLLECTOR 

(b) 

Fig. 6---r equivalent circuits of p-n-p junction transistor. 
(a) Common base. (b) Common collector. 

.6.2V 

It is, of course, immaterial whether a direct or a dual 
comparison is drawn between a vacuum tube and a 
transistor or whether a T or r equivalent circuit is em-
ployed. It is believed that for many engineers who have 
developed a background of vacuum-tube experience, 
the direct comparison and the r equivalent circuit will 
be easier to use. The comparison is sufficiently complete 
that most of the vacuum-tube technology may be trans-
ferred directly to the transistor. An important difference 
between the two devices is the presence in the transistor 
of a finite resistance between base and collector. 

COMPARATIVE OPERATING DATA 

Since a direct comparison has been drawn between the 
vacuum tube and the transistor, it is interesting to pre-
pare a comparison between the two. For this compar-
ison, shown in Table I, a 6AG5 pentode and the previ-
ously described RCA p-n-p junction transistor have 
been selected. A few comments concerning this tabula-

' L. C. Peterson, "Equivalent circuits of linear active four-termi-
nal networks," Bell Sys. Tech. Jour., vol. 27, pp. 593-622; October, 
1948. 
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ion are appropriate. There is no special reason for com-
)aring the 6AG5 with the junction transistor other than 
bat the 6AG5 is a well known vacuum tube. It would 
)e more appropriate to compare the transistor with the 
inconventional vacuum tube of the type shown in Fig. 
l(b). The large gm and gm/  E ratio of the transistor have 
dready been mentioned. The input impedance of a nega-
.ive grid vacuum tube is very large as compared with 
138 ohms for the transistor. The large input impedance 
s an important advantage for the vacuum tube and ac-
:ounts in part for the large power gain. In order to 
'acilitate comparison, a grid resistor of 10 megohms has 
3een associated as an integral part of the vacuum tube. 
Large grid resistors of this magnitude are sometimes 
employed in low-frequency, low-level vacuum tube cir-
:uits. The current and noise associated with the grid 
resistor are charged to the vacuum tube and account 
for the grid current, the finite current amplification fac-
tor and the 3-db noise factor. 
In studying the data of Table I it is important to 

remember that the transistor selected is an early de-
velopmental unit and that transistors are in their early 
stages of development as compared with vacuum tubes. 

TABLE I 

COMPARISON BETWEEN VACUUM TUBE AND TRANSISTOR 
CHARACTERISTICS AND PERFORMANCE 

6AG5 pentode 
RCA p-n-p junction 

transistor 

Heater power =1.9 w 
Grid-cathode voltage= Von 
= -0.9 v 

Grid current =10=0.09 Aa 
Screen-cathode voltage= VAK 
=125 v 

Anode-cathode voltage = VAR 
=125 v 

Screen current Ls 2.1 ma 
Anode current =IA=7.2 ma 
Current amplification factor 
(grounded grid) 
= -(4/./h)--,0.775 

Current amplification factor 
(grounded cathode) 
= - (1//,) ,-%., -80 X10' 
rob =10 Mn 
rga = co 

rah =0.5 MO 
g„, = 5.1 ma/v 

g,,/ Ix =0.55 
R,,,put meth. = 10 M 
ROUtpu match. = 0 .5 MO 
Maximum power gain =75 db 
Noise factor at 1 kc =3 db 

Heater power =0 w 
Base-emitter voltage = V BE 
= -0.165 v 

Base current =ID= -0.036 ma 
Collector-emitter voltage= Vce 
= -6.2 v 

Collector current =ie = -2.0ma 

Current amplification factor 
(common base) 
= -cr./ m= 0.977  

Current amplification factor 
(common emitter) 
= -(L/4) -= -43.6 
=95311 

4, =0.645 MO 
r.=60 KO 
g„, =45.9 ma/v 

gm/IE= 22.6 
Rin„,,, nu m,. = 438 12 
Routput match. = 25.3 KO 
Maximum power gain =40 db 
Noise factor at 1 kc =22 db 

Matrix Representation of Transistor Circuits* 
JACOB SHERELt, ASSOCIATE, IRE 

Summary —The paper outlines a method to treat transistors as 
3-terminal "black boxes," represented by their admittance matrices. 

Instead of using an equivalent circuit with internal sources, the treat-
ment is direct and uses only measurable quantities. Once the admit-
tance matrix of the grounded-base transistor is measured, it is easy 
to derive the matrices for grounded-emitter and grounded-collector 
stages. Matrix representation also presents a direct method for 

analyzing cascaded stages. 
The method is illustrated by an analysis of circuits with a tran-

sistor that has been described elsewhere.' 

INTRODUCTION 

TI IE APPLICATION of transistors as  am plifiers  
or oscillators has recently received a considerable 

  amount of attention. Apart from the description 
of the physical principles underlying transistor opera-
tion, some recent papers'," have treated the transistor 
empirically, describing it----for engineering purposes — 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, February 11, 1952. 
t 8, Ben Yehuda St., Haifa, Israel. 
' R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 

transistor," Bell Sys. Tech. Jour., vol. 28, p. 373; July, 1949. 
2 R. M. Ryder and R. J. Kircher, ibid., p. 367. 
• R. L. Wallace, Jr. and G. Raisbeck, "Duality as a guide in tran-

sistor circuit design," Bell Sys. Tech. Jour., vol. 30, p. 381; April, 

1951. 
4 R. L. Wallace, Jr. and W. J. Pietenpol, "Some circuit properties 

and applications of n-p-n transistors," Bell Sys. Tech. Jour., vol. 30, 
p. 530; July, 1951. Also PROC. I.R.E., vol. 39, p. 753; July, 1951. 

as a "black box" with certain relations between the cur-
rents and voltages at its terminals. For greater ease in 
visualizing its operations, certain equivalent circuits 
have been proposed, all of them based on the loop-
equation analysis of networks. 
Now, in a "black-box" treatment, by definition, the 

only measurable currents are those entering any ter-
minal, and the only measurable voltages are those be-
tween pairs of terminals, more often the voltages be-
tween any terminal and a reference "ground" terminal. 
Any internal generators introduced into hypothetical 
loops inside the black box are needless complexities that 
have, no doubt, some value as aids to visualize relation 
between terminal phenomena, but are nevertheless not 
essential to the representation and computation of the 

circuits. 
In this paper an attempt is made to discuss transistor 

circuits, specifying a transistor only by its measurable 
terminal magnitudes: input and transfer impedance (or 
admittance). The mathematical method for this treat-
ment was developed in a recent paper,' and its main 
points are briefly reviewed here. 

1 j. Shekel, "Application of matrices to the analysis of linear net-
works," Bull. Scien. Dela, Ministry of Defense, No. 25-26; Tel 
Aviv, Israel; July-August, 1951. (In Hebrew.) 
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A terminal of a network is a point at which external 
sources and loads may be connected. The only definable 
and measurable currents are those entering a terminal; 
the only definable and measurable voltages are those 
between pairs of terminals. 

The current entering a network is the one-column 
matrix I whose components I are the currents into the 
i-th terminal. 
The voltage of the network is a one-column matrix V 

whose components V, are the voltages between the i-th 
terminal and an arbitrary reference terminal. 
The admittance of the network is the square matrix Y, 

defined by 

•  I = YV. (1) 

Owing to the linear nature of (1), this treatment may be 
applied to linear networks only. In nonlinear networks, 
the treatment will give only the "small-signal" ap-
proximation, where I and 17; are only changes of current 
and voltage about a fixed operating point. 

In an n-terminal network, only n —1 currents are in-
dependent, and the voltage of one terminal may be 
fixed arbitrarily. It was shown that those two facts put 
certain restrictions on Y, namely, that the sum of any 
row or any column in it is zero. This singular matrix was 
termed the indefinite admittance matrix, due to the fact 
of the voltage reference terminal being undefined. 
The following operations on networks are represented 

by corresponding changes in the admittance: 
1. Specifying a terminal as "ground" leads to a re-

duced (n —1) X (n —1) matrix, which is obtained from 
Y by crossing out the corresponding row and column. 
2. Shorting two terminals together is represented by 

adding the corresponding rows and columns to form one 
row and column, respectively. 
3. When two or more networks are connected in 

parallel, their corresponding admittance matrices are 
added together. In this way, the admittance of the 
composite network may be computed by adding to-
gether the matrices of the composing elements, which 
may be two-terminal admittors or "black boxes" of 
higher complexity. 
Main advantages of above-mentioned method are: 
1. In full analogy to the treatment of simple circuits, 

the only quantities that are used in representation or 
computation are admittances and impedances. No engi-
neer would dream of computing the resistance of a com-
bination of parallel resistors by introducing hypothetical 
currents and voltages which later cancel out; nor would 
he compute the voltage transfer ratio of a simple voltage 
divider except by writing down the ratio of two re-
sistances. This same treatment is extended to composite 
networks, giving all results without introducing loop 
currents which are to be cancelled out later. 
2. The treatment allows complete freedom in chang-

ing the grounded terminal. Once the indefinite admit-
tance is known, it is immaterial which terminal, if any, 

is to be grounded. In transistor circuits, this allows 
equally easy calculation of grounded base, emitter or 
collector stages, or even stages where all three terminals. 
are ungrounded. 

THE GENERAL "BLACK-BOX" TREATMENT 

As an introduction to matrix representation of tran-
sistors, the general treatment of an n-terminal "black 
box" will be outlined. For the sake of simplicity in writ-
ing the matrix expressions, the treatment of a 4-terminal 
box will be shown. The method is easily extended to any 
other number of terminals. 
When attempting to measure the input and transfer 

impedances, the ground terminal has to be specified. Let 
this be terminal 4. 
Equation (1), written out in full, is 

/2 

Is 

Y11 Y12 Y13 

Y21 Y22 Y23 

Y31 Y32 1/113 V3 

giving, for example, 

IS = Y21171 ± Y221/2 Y23V3. 

If all voltages are zero, except, say, I71, then 

I, = Y „I j. 

(2) '. 

(3) 

The Yi; are, therefore, the short-circuit input and trans-
fer admittances. They may be determined experi-
mentally in two ways: 
1. In linear circuits, a voltage Vi is applied between : 

the j-th terminal and ground, and all other terminals 
are grounded. The currents into all terminals are then I 
measured, giving the Yq: 
2. In nonlinear "black boxes," e.g., vacuum tubes, the 

various current-voltage characteristics are plotted, and, 
for any operating point, 

Vii = 

ay; 

The "black box" under consideration may he un-
stable under short-circuit conditions, but then an 
alternative method for determining the network matrix 
is possible by inverting (2) to give 

17, 

V3 

Z11 Z12 Z13 

Z21 Z22 Z23 

Z31 Z32 Z33 

If all currents be zero, except, say, 

= 

11 

12 

Is 

(4) 

(5) I 

The Zil are, then, the open-circuit input and transfer 
impedances, and may be measured directly or computed 
from suitable characteristic curves. 
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Comparing (2) and (4), it is evident that the Z 
tatrix is the inverse of the Y matrix. 
• Once the Y matrix is found, directly or by inverting 
he Z matrix, it is brought to the indefinite form 

17 11  17 12 113  17 14 

121  17 22  133  Y24 

17 31  Y32 17 33  Y34 

1741  142  143 144 

There 

714 =  Y11 -  17 12 -  1- 13,  1. 41 =  IT  TI Y11 — Y21 - 

nd so on, 

1744 =  17 11  1712 4  Y13 +  17 21 +  Y22 +  123 

(6) 

17 311 

+  Y31 +  17 32 -1- 133, 

0 that the sum of every row and column is zero. 
If the "black box" is used in a circuit with terminal 
grounded, the admittance will be 

• 
1 13  1 14 

17 33  1' 34 

1'43  17 44 11 
(7) 

Supposing that a conductance G is connected be-
ween terminals 1 and 3, the admittance of the com-

)ination will be 

G 

131 -  G 

17 41 

1. 13 

V. 

— G 

+ G 

143 

17 14 

134 I 

1744 

(8) 

kri element connected between any terminal and ground 
will appear only once, on the main diagonal of the 

natrix. 
Let Y be the matrix of the composite network 
'black box" and added elements and let Z be the matrix 
nverse to Y. If i be the input terminal and k the output 
:erminal, the following relations may be computed: 

input impedance =  

output impedance 

open-circuit voltage amplification 

short-circuit current amplification 

=  Zkk 

=  Zki: Zii 

=  Yki: 

A passive bilateral "black box" is characterized by 
in admittance matrix which is symmetric, and has non-
legative elements on its main diagonal and nonpositive 
dements elsewhere. This is not the case with vacuum 
tubes, neither with transistors, which are active and 

unilateral elements. 

ADMITTANCE MATRIX OF A TYPICAL TRANSISTOR 

To illustrate the application of the above methods to 
:-transistors, a typical specimen is chosen.' In a type-A 
transistor, the following open-circuit impedances were 

'f measured at a certain operating point: 

where 1 denotes the emitter terminal and 2 the collector 
terminal, and the base terminal is grounded. 
The impedance matrix is, then, 

530  290 II 

34,000 19,000 

Inverting it, the admittance matrix for grounded-base 

operation is obtained. 

Y 
+-1 9601..4908 +— 21..3582 11 

X 10-3 .  (10) 

A third row and column are added, so as to make the 
sum of every row and column equal to zero, thus giving 
the indefinite admittance matrix of the transistor 

+ 90.48 —1.38 — 89.10 

—161.90 +2.52 +159.38 

+ 71.42  —1.14 — 70.28 

The matrix is not symmetric, and a negative value 
appears on the main diagonal. The last fact is indicative 
of short-circuit instability. Suppose that the emitter and 
collector should be. shorted together and grounded, the 
first and second rows and columns are to be crossed out, 
and the matrix degenerates into a single negative con-
ductance of —70.28 millimhos, which is the input ad-
mittance at the base terminal. 

Y = 

=  530 ohms 

Z21 =  34,000 ohms 

Z12 =  290 ohms 

Z22 =  19,000 ohms, 

Z= (9) 

X 10-3 . (11) 

GROUNDED-BASE AMPLIFIER 

A grounded-base amplifier is shown schematically in 
Fig. 1, which is its equivalent circuit for small signals (all 
dc potential differences disregarded). G, is the internal 

Fig. 1—Grounded-base amplifier. 

conductance of the input signal source and Gi the con-
ductance of the load. Typical values are 

G, = 2  millirnhos 

G8 =  0.05 millimhos. 

The admittance of the circuit is constructed as fol-

lows: 
1. The third row and column are omitted from (11) 

(grounded base). 
2. G, and G8 are added to 1711 and Yn, respectively. 

Y = 
11 + 19621..4908 

+— 2113587 11 X 10-s.  (12) 
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11, 

"che voltage gain iii t his circuit is° 

forward voltage gain = 

backward voltage gain = 

2 21 - Y21 

2 11  1722 

212  17 11 
= 

222  1711 

+161.9 
  = 63 
+2.57 

1.38 
 = 0.015. 
92.48 

The positive sign of both ratios shows that there is no 
phase reversal. 

The power dissipated in the load is V22Gi, the avail-
able power from the source is 112:(4G.), and the power 
gain is then 

forward power gain = 4G ,G1( V2: 11)2 =  4GyGl2212 

• = 4 X 2 X 0.05 X 10-0 

x 161.9 X 10-' • 

92.48 X 2.57 - 161.9 X 1.38) 

= 51. 

The backward power gain is, similarly, 4G,,G/Zi22, and 
the ratio 

forward power gain 

backward power gain 

= (2.21 2 (Y \2 
-  =  -  

Z12 1712 

is independent on the source and load, being a character-
istic of the transistor itself. In this case, the ratio is 

forward power gain  (161. 7 
  = 1.37 X 104. 

backward power gain  1.38 

GROUNDED-COLLECTOR AmPL1FER 

The admittance matrix of a grounded-collector stage 
(Fig. 2) is constructed in the following steps. 
1. Second row and column crossed out of (11) 

(grounded collector). 

2 

Fig. 2-Grounded-collector amplifier. 

2. The remaining rows and columns are interchanged, 
so that the indices 1 and 2 denote base and emitter, 
respectively, conforming with Fig. 2. 
3. G. and GI are added to Y11 and Y22, respectively. 
To illustrate an actual computation, let 

Go = 0.05 millimhos 

GI= 0.1 millimhos. 

-70.38  +71.42 I 
Y X 10-3 . (13) 

-89.10 +90.48 

8 Zik is the co-factor of Via, divided by the determ inan t of Y. The 
ratio of two Z's is therefore the ratio of the corresponding co-factors, 
which are, in a 2X2 matrix, lust elements of Y. 

By the same general expressions used in the precedins 
sect ions, 

forward voltage gain = 

backward voltage gain 

89.10 

90.48 

-71.42 
.3 = _ 1.01 , 

70 8 

+ 0.985 

the negative sign being indicative of a phase re % ersa I in 
the backward direction. 

2 

  = 1.55. - 
backward power gain  71.42 

forward power gain  89.10) 

CASCADE AMPLIFER 

The admittance of a network of cascaded transistors' 
(Fig. 3) is found as a sum of three admittance matrices, 
corresponding to the component networks (Fig. 4). 

3 

Fig. 3-Cascaded amplifier stages. 

I 2 3 

(..  (b) 

Fig. 4-Component networks of the amplifier of Fig. I. 

1. The passive network. 

II Go 

Y. = 

0  0 G, 

(14) 

2. The first transistor, the usual grounded-base . 
matrix, with a third row ana column of zeroes cor-
responding to the isolated third terminal. 

Yr, = 

+ 90.48 

-161.90 

0 

-1.38 0 

+2.52 

0 

X 10-1. (15) 

3. The second row and column are omitted from the 
general matrix (11), and the remaining rows and 
columns interchanged to conform with the ter-
minal numbering in Fig. 4 (c). 

Y. = 0  -70.28  +71.42 

0 -89.10  +90.48 
X 10-1 . (16) 



952 PROCEEDINGS OF THE I.R.E.  1497 

'he three matrices are then added together. Putting 

G, = 2 millimhos 

= 0.1 millimhos, 
his gives 

I ± 92.48 

Y =  —161.90 

0 

— 1.38  0 

—67.76  +71.42 

—89.10  +90.58 

The forward voltage gain is 

—161.90  —67.76 I 

Z31  0  - 89.10 

Z11 — 67.76  +71.42 

— 89.10  +90.58 

X 10-3 . 

= + 64. 

Similarly, all other results may be computed by the 

same general expressions. 

CONCLUSION 

A general method of treating n-terminal "black 
(17)  boxes" has been outlined, which may be applied to any 

linear "black box," whether it be active or passive, 
bilateral or unilateral. The method was then applied to 
a certain type of transistor, and some circuit arrange-
ments were analyzed. 
The paper was not intended to be a treatise on tran-

sistors but a discussion of methods of circuit analysis; 
therefore, no general conclusions were derived about 
transistor circuits and their properties. 

c_  Ac 2 5-D 

Dynamics of Transistor Negative-Resistance Circuits* 
B. G. FARLEYL ASSOCIATE, IRE 

Summary—A general method is presented for calculating ap-
woximately the behavior of many nonlinear circuits by dividing the 
•egion of operation into subregions, within each of which the circuit 
nay be considered linear to a good approximation. The method is 
tpplied to a high-speed transistor switching circuit as an illustrative 

nample. 

I. INTRODUCTION r-
11 RANSISTORS have shown considerable promise as elements of high-speed switching circuits in 
computer and control systems requiring rapid 

pulse handling. 
Their operation in such circuits is of a type which has 

received relatively little attention in the literature as 
yet, and certain complexities arise which are compara-
tively new. The purpose of this paper is to present an 
approximate method for analyzing nonlinear circuits 
and to show how the method may be applied in ac-
cordance with the best present experience to point-
contact transistor circuits. These methods will serve to 
elucidate the three main aspects of electronic switching 
action which it is desirable to be able to calculate, 
namely the action upon triggering, the output voltage, 
and the rise and fall times of the output wave. 
The method for treating the nonlinear circuit will be 

i'simply to approximate it with two or more linear cir-
ucuits. To accomplish this, a set of independent variables 

" Decimal classification: 1(282.12. Original manuscript received 
tby the Institute, August 15, 1952. 
'  t Bell Telephone Laboratories, Murray Hill Laboratory, Murray 
) Hill, N. J. 

of the circuit is picked in terms of which the solution is 
desired. ("Independent variable" here means that such 
variables can be chosen independently as initial condi-
tions. The number of independent variables is the 
number of "degrees of freedom" of the circuit. For the 
transistor, the emitter input current and voltage will be 
used as independent variables.) Nonlinearity usually 
manifests itself as circuit parameters which depend 
on current or voltage. An approximation is then made 
by dividing the plane or space of the independent 
variables into regions within each of which it is con-
sidered that the circuit parameters are sufficiently con-
stant to give a satisfactory result if exact constancy is 
assumed. Thus, the nonlinear problem is broken up 
into several ordinary linear problems, and the solutions 
are patched together at boundaries of linear regions. 
It is to be noted that the method outlined above is 

of general applicability for circuits having voltage and 
current-dependent elements, and of course, the ap-
proximation can be made as close as desired, at the 
cost of increasing labor, by subdividing the operating 
region into smaller and smaller subregions. The effects 
in the transistor due to minority-carrier storage may 
not come within the voltage or current dependent class, 
since the effect may depend on previous history. In any 
case, calculation of the storage effects is less satisfactory 
than the others, at present. This will be discussed in 
Section VIII. 
A remark concerning negative resistance is pertinent 

here. Terms like "negative-resistance oscillations" as 
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applied to circuits with a negative slope in the v-i char-
acteristic at dc are common, but it should be noted 
that such terms are misleading in that undue emphasis 
is placed on the dc input characteristic as a method of 
classification. Any two-terminal lumped-constant im-
pedance, even though gain elements are present, such 
as a feedback amplifier, can be represented as a network 
of resistances, capacitances, and inductances if nega-
tive resistances are allowed.I Therefore, all impedances 
can be treated by the same general method, even 
though they may not show a negative resistance at dc. 
The method presented in this paper can be applied to 
any circuit in any region where it can be approximated 
with a linear network. 
The plan of the'paper is to develop the theory in Sec-

tions II—VI, and apply it to illustrative transistor cir-
cuits in Sections VII and VIII. Readers interested 
chiefly in results may read these last two first. 

II. TRANSIENT BEHAVIOR WITHIN LINEAR REGIONS 

After the total region of nonlinear operation is di-
vided up into linear regions, the behavior within any 
one is, of course, simply that of a linear, lumped-con-
stant network. Methods for obtaining time-dependent 
solutions of such a network are well-known. The natures 
of these solutions when viewed in the independent vari-
able co-ordinate plane (or space, in the multidimen-
sional case) are not so well-known, however, although 
they have been studied in connection with the nonlinear 
theory of oscillation in the two-dimensional case.' 
For our purposes, the types of "trajectories" or paths 

in a two-reactive-element circuit will be briefly il-
lustrated in both time-dependent and voltage-current 
plane representations because our application will make 
use of only two variables. Any two independent parame-
ters which are sufficient to determine the state of the 
circuit at any instant may be used in this case; but 
since our transistor application will make use of the 
emitter voltage-current plane, we will use it for dis-
cussion. 
In a circuit containing two independent reactive ele-

ments, the independent variables all satisfy a second-

1 H. W. Bode, "Network Analysis and Feedback Amplifier De-
sign," D. Van Nostrand Co., Inc., New York; p. 185; 1947. 

I See, for example, A. A. Andronow and C. E. Chaikin, "Theory 
of Oscillations," Princeton University Press, Princeton, N. J.; 1949. 
M. Minorsky, "Introduction to Nonlinear Mechanics," Edwards 

Bros., Ann Arbor, Mich.; 1947. 
W. Reichardt, "Uniform relationship between sinusoids, relaxa-

tion vibrations, and relaxation discontinuities," and "Negative re-
sistances, their characteristics and effects," Elek. Nach. Tech., vol. 
20; pp. 213-225; Septembet, 1943; and vol. 20, pp. 76-87; March, 
1943. 
T. Von Karman, "The engineer grapples with nonlinear prob-

lems," Bull. Amer. Math. Soc., vol. 46, pp. 615-683; August, 1940. 
P. S. Hsia, "Graphical analysis for nonlinear systems," Proc. IEE 

(London), vol. 99, pt. 2, pp. 125-134; April, 1952. 
A review of work on nonlinear problems and excellent bibliog-

raphy is given in M. L. Cartwright, "Nonlinear vibrations," Brit. 
Ass. Advan. Sci. (London), vol. 6, pp. 64-74; April, 1949. 

order differential equation with time. The characteristic 
equation is therefore of the form' 

s' + As + B = 0, 

where A and B depend only on the circuit constants. 
If the roots of this equation are si and s2, and si 

then the time-dependent transient solutions of the dif-
ferential equation have the form 

i = aneli + al2ê2‘, 

= tine" + a22e21, 

when v and i are referred to an origin at the point of 
equilibrium, that is, the (lc portion of the solution is 
omitted. The a's depend on both the initial conditions 
and the circuit constants. 
The following cases are possible: 

Root Condi t ions 

I. Real 
SI, S2 >0 

SI >0, 52 <0 

•  sv< 0 
2. Complex 
real part >0 
real part <0 

Nature of Solution 

increasing exponential 
increasing exponential 
decreasing exponential 

increasing exponential 
decreasing exponential 

(2) 

Name in Voltage-
Current Plane 

node, unstable 
saddle point, unstable 
node, stable 

focus (spiral), stable 
focus (spiral), stable 

That is, the transient consists of oscillations or ex-
ponentials, either stable or unstable. These familiar 
time curves are shown in Fig. 1. Any system admitting 
an increasing transient is, of course, unstable. 

STABLE EXPONENTIAL 

STABLE OSCILLATION UNSTABLE OSCILLATION 

UNSTABLE EXPONENTIAL 

Fig. 1—Two-dimensional linear circuit motions versus time. 

A trajectory in the voltage-current plane is a com-
bination of two motions at right angles in a plane. Both 
motions have the same characteristic roots, but differ 
in coefficients, which are determined by the initial con-
ditions. Figs. 2 and 3 show representative trajectories 
(from a family filling the plane) of the types listed 
above. The curves show only the transient or alternat-
ing components of current and voltage in each case. 
This point is stressed because, in the transistor case, 
the equilibrium points do not fall at zero dc emitter volt-

s We use the notation and terminology of M. F. Gardner and 
J. L. Barnes, "Transients in Linear Systems," John Wiley & Sons,  • 
New York, N. Y., vol. 1; 1942. See, for example, P. 171. 
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g.e and current, but rather are determined by the inter-
!ctions of load lines with the dc characteristics. 
. More exact information about the trajectories of the 
-ansients in linear networks can be obtained as fol-
'Lys: In the general case of n variables, by suitable 
-ansformations, the first derivative of each independent 
ariable can be obtained as a linear function of all the 
'dependent variables themselves.' 

STABLE EXPONENTIAL 
(NODE) 

LISTABLE EYPONENTIAL 
(IODE) 

STABLE OSC LLA'r5'! 
(FOCUS) 

Fig. 2—Two-dimensional linear circuit motions in 
voltage-current plane-focus and node. 

In two dimentions which we will continue to use for 
lustration, these equations are therefore of the form 

di 
— = 
dt 

dv k2iv  kni 
=   

di kilz + ki2i 

dv 
— = /env  k22i 
di 

(3) 

vhen referred to the equilibrium point as origin, and 
:ive the direction of the trajectories of the transients 
I any point. The k's depend only on circuit constants. 
From these equations it can be seen at once that only 
me trajectory can pass through any point, since the 
lope dv/di is determined by the co-ordinates (i, v) alone, 
Lnd that a path passes through every point (except 
:he origin, which is a path itself); thus, the entire future 
notion is determined by the initial voltage and current. 
-7urthermore, all trajectories cut a given straight line 
lrough the origin (constant v/i) at the same slope. In 
)articular, if v is plotted vertically, the paths are al-
ways horizontal along the line v = — (k22/k2L)i, and 

ilways vertical along v = — 
More can be learned about the paths in the case of 

exponential curves (real roots) from (2). We define 

= 1/2( — A ± VA-5 

52 = 1/2( — A — -VA), 

For an indication of a general procedure see E. A. Guillemin, 
"Communication Networks," John Wiley and Sons, New York, vol. 
1, p. 223; 1931. 

(4) 

where i=42-4B. 
Thus 51>52 when they are real. 
Therefore, since 

and 

021 -F a22eist—og 

t —) CO, 

— 

+  (11 041— W8 

by (2), 

V  a2 
— —0 —  rn m 
j 0j 

V a'22 
— 

1 

(5) 

(6) 

Thus, if both si, s2 <0 (stable node), the path ends at 
the origin (1= co) with a slope of mi, and at its other 
end (I= — co) approaches a slope of m2. 
If 51, 52>0 (unstable node), the path starts at the 

origin (t= — cc) with a slope of m2 and at its far end 
(t = co ) approaches a slope of ml. 
In case 52 <0 <51, both ends of the path flee the origin, 

the end corresponding to t = co approaches a slope of ml, 
and to t = — co approaches a slope of m2. 

SADDLE POINT 

‘4‘ 

51,S,ROOTSOF 

s2 .AS+13:0 
AM) :A2 -4B 

STABLE FOCI 
S,S2 COMPLEX 
REAL PARTS < 0 

<0 

•4.4 
0 0 Ope 

TRAJECTORY TYPE VS A ANDB 

Fig. 3—(top) Saddle-point motion; (bottom) Stability diagram 
for two-dimensional circuit. 

 41. B 
UNSTABLE FOCI 
S,.S2 COMPLEX 

REAL PARTS >0 
a <0 

It can be shown that v=m 11 and v=m2i are actually 
paths, the only straight lines which are. 
It can also be shown that 

nil = 

ni2 

k22  S1 —  k12 

St  kn 

k22 

52 k21 

(7) 

which serve to compute the m's from circuit constants. 
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Also, it is seen that if v=mii (i.e., traveling on or 
near the m1 line), di/dt = sit:, and dvidt=siv; and if 
m2 replaces ml, s2 replaces sl. 
From these facts about the trajectories it is rela-

tively simple to sketch them graphically, and thus ob-
tain a clear and simple picture of the motion of the 
"system point" (i, v) over the plane. Fig. 3 also gives a 
diagram showing the nature of the paths as deter-
mined by A and B, and thus serves as a stability chart 
for the two-dimensional case. 
Although an expression can be derived for the relation 

between v and /along a trajectory with t eliminated, it is 
too complicated to be of much use; so that when ac-
curate plotting is desired, it is best to use both time-
dependent equations to calculate v and i at the same 
time. For future reference (2) is given for any two-
dimensional case in terms of the initial voltage vo, cur-
rent io, and the constants previously defined. 
For i>0, 

1  
1(0 =   [(m2is — vs)esi(t—go) 

rn — mi 

v(i) = 

whcre 

1 

For A <0, 

— (mils — vo)e2(1---(0)] 

[nit(trtzio — vo)6410—, $) 

i(lo) = is, 

i(1) =  Afe—Al2(1-10) sin 

v(t) = Ne-Al2()-(0) sin 

where 

M — 

N = 

cos 0 = 

io 
sin 0 = — 

M 

m2(nzlio — vo)e.2(t-is)j, 

11(10) =  Vo. 

(t 4)+61 
L  2 

p/W 2 i (I to)  + 
L  

V [io (-21— k12) ki100] 2 ± 
II 
4 

42 

\71-67 1  

2 

VIA 1 
4 

002 ±  [00 A 2 
k21)  k22i0] 

2 

VIA1 

2 

k12)  kuvo 
2 

[i0(—  k12)  kuvo]2 16,1 
4 

42 

(8) 

(9) 

Cos 41 = — 

vu 
sin = -- • 

A 
0 21 ( — k  k22i0 
2 

_ A    • 

4 002 ±  [03 2  k21)  k2210 

]2 

These equations give only the transient portion of the 
response following a step function which takes the sys4 
tern initially to (io, vo). For steady-state or other! 
forced solutions, the Laplace transform method can bel 
used, as will be discussed in Section IV. 
So far, all our trajectories have remained within a; 

single region. However, when a boundary of a region is 
reached, the current and voltage at that point (re 
ferred to the origin of the new region) are used as new 
initial values and the path plotted on into the new' 
region in the manner just described. 

comeiNAT,or, Lv osciLLAT,oN 

'NS TABL E FOC US 

Fig. 4--Combined node and focus resulting in oscillation. 

Fig. 4 is intended to show how two regions are com-
bined in a simple case of a type which can arise in 
transistor circuits. The bottom picture represents the 
v-i plane of the emitter, with cutoff to the left, and 
active region to the right. To the right of the origin the 
system behaves like the upper-right diagram, having 
unstable spirals with (unstable) equilibrium point as 
shown. To the left of the origin in the bottom picture the 
system behavior is like that at the upper left, with 
stable node paths also having an origin to the right of 
the dotted line. These two planes are then combined so 
that the dotted lines coincide. In this case, a path may 
then be found in the bottom plane so that a portion 
of a spiral is followed to the right of the origin, and a 
portion of a node to the left, with the end-points co-
inciding on the v-axis. Oscillation around the total path 
will then take place. Such a path is called a "limit cycle." 
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7onditions under which a limit cycle exists are dis-
•ussed in the references cited. In this case, physical 
vasoning makes its existence plausible, since the in-
:reasing transient on the right due to gain in this region 
s balanced by the decreasing one on the left and stable 
)scillations may be expected. 
Fig. 5 gives an illustrative case to show how such an 

tnalysis applies to a circuit with two stable points, in 
:he two-dimensional case. This applies in a general way 

- 

-4 

SRTEABGLIOEN   RE G,ON 
, 

r 

T*0 STABLE RO N'S 
I, AND 3. NODES, 

DIvD ,NG L_NE - 

• 

3 

REGION 111 
STABLE NODE 

rn, 

Fig. 5 Essential features of transient behavior of typical nonlinear 
negative-resistance circuit with two stable points. Assumptions: 
1. Two reactive elements, 2. Linear in vertical strips separated by 
dashed lines, 3. Paths horizontal along R1-line and vertical along 
r-line. 

to the transistor circuit of Fig. 10. Three linear regions 
are shown, in each of which the resistance r is different, 

but constant within any one. 
The load line R1 is shown as constant in all three 

regions, but it need not he in the general case (for 
example, it might be diode controlled) and the other 
parameters of the circuit may also vary from region to 

region. 
The paths in each region have been roughly sketched 

in with relation to the load and "negative-resistance 
lines, under the assumptions that the two outside 
points, 1 and 3, are stable nodes and that the middle 
one is a saddle point. This is a case frequently met in 
flip-flop circuits. Note that the plane is divided into 
two regions, from each of which the system ultimately 
arrives at one of the stable points. Furthermore, the 
stable point reached is not necessarily the closest one 
at the start. In a practical cast, when CI, the external 
capacitance, is reasonably large, and r, the internal time 
constant of the device, is small, the m-lines may nearly 
coincide with the r and RI lines and the paths will be 
nearly horizontal except near the r-lines. This effect is 

discussed more fully in Se( non VII. 
It is of interest to discuss the operation when the 

i RI line is suddenly lifted over the "peak" on application 
i of a trigger voltage. There remains only one stable I. point, number 3, and paths can then be drawn by the 
methods described above which show that the system 
will pass over the peak and arrive at the stable point. 

In Fig. 6, note that if the trigger reverts the system 
to Fig. 5 before the point has crossed the dividing line, 
the point will return to 1 instead of going on to 3. 
In a manner similar to those briefly discussed, the 

operation of "negative-resistance" switching circuits can 
be quickly graphed to get a qualitative picture of the 
action, and can be calculated accurately if desired. 
It is clear that an analysis of the type presented can 

be applied to systems with more degrees of freedom by 
using as many independent variables as necessary. The 

2 

PONT 
,IPT,JAL 
STABLE 
NODE 

I PONT 2 
viRTJAL 
SADDLE 

I POINT 

, ONE REAL STABLE 
PONT (PT.3) 

tn. I 

POINT 3 
STABLE NODE 

Fig. 6—The circuit of Fig. 5 with R1-line raised by input trigger, 
leaving only one stable point. 

system can still be considered linear in certain regions, 
and solutions patched together at the borders. Unfor-
tunately, of course, a multidimensional space instead 
of a simple plane picture of the operation must then 
be used. However, a plane picture can be shown with 
many trajectories passing through every point, each 
trajectory corresponding to different initial conditions 
of the remaining non planar variables. Several planes 
may be used also. 

III. APPROXIMATION TO TRANSISTOR INPUT 
IMPEDANCE 

In order to apply the method of analysis presented 
in Section II to the transistor, it is necessary to decide 
what parameters to use, what regions can be considered 
linear to good approximation, and what network be-
havior and constants to assign in each region. The de-
tails of what follows will be restricted to point-contact 
units, although junction units may be treated similarly. 
Experimentally, clues to the linear regions are found 

in the behavior of the static characteristics of typical 
transistors. It is well known that when the emitter of 
an n-type transistor is made negative it has little or no 
effect on the collector current, which is then a minimum 
in magnitude. In this state the unit is said to be in 
collector current cutoff.' Likewise, when the emitter cur-

It has been pointed out that from a duality standpoint there is a 
certain consistency in speaking of this stale as collector voltage 
saturation. Since we will be concerned primarily with current as a 
variable, however, the above terminology will be retained. 
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rent is greater than a certain amount, depending on 
collector load, the unit is in a current-saturation, or 
overload, condition. In between, the unit is in its active 
state. These facts give rise to a dc emitter input char-
acteristic of the circuit in Fig. 7, roughly as shown in 
Fig. 8(a), where an external base resistance Rb is in-
cluded. The current scale to the left of the peak is 
greatly exaggerated for clarity. This figure suggests the 
linearized characteristic shown in Fig. 8(b). That is, as 
a first approximation, the three linear regions will be 

TRANSISTOR  WITH EXTERNAL BASE RESISTANCE 

V, 

z R11 I. • Ri2 12 

V2. R2,,, • R22  12 

"BLACK BOX" REPRESENTATION 

Rii • IJ + Rb 

Fig. 7—Four-pole box containing transistor and 
external base resistance. 

EMITTER AND COLL ECTOR 
VOLTAGE CHARACTERISTICS 
VG. EMITTER CURRENT 

u L'NEAR APPROx.MATIONS 

Fig. 8—DC characteristic of circuit of Fig. 7 
and its linear approximation. 

separated by vertical lines through the "peak" and 
"valley" points, and the emitter voltage and current 
will be employed as parameters. This approximation is 
tentative, at present, subject to additional experi-
mental evidence. More discussion of this point is given 
in Section VIII. Motions will, therefore, appear as 
traces in the emitter current-voltage plane. 

Now assumptions must be made regarding the nature 
of the constants in the 4-terminal box in each region. It 
would suffice to know the 4-terminal impedances 4, Z12, 
Z21, and Z . If the transistor is regarded as a 4-terminal 
network, the four low-frequency, small-signal parame-
ters of the transistors, r11,r12, r21, and r22,6 can be meas-
ured over each region and a value of each r averaged 
over each region can be used. Knowledge of the varia-
tion of the Z's with frequency is all that is left. A first 
approximation which has been found to give reasonable 
answers results from consideration of the variation of 
current gain with frequency. Many transistors show a 
6 db per octave asymptotic fall-off of current gain with 
frequency. This suggests that r,„/re° acts like a resistor 
and capacitor in parallel. Our procedure consists of as-
suming that all the variation with frequency resides in 
r„, alone, specifically that 

z„, =   
1 

(10) 

where r = 1 /27rfe, fc being 3-db point of the current 
gain versus frequency. 
This assumption is equivalent to assuming r„, is 

shunted by a condenser C of such magnitude that the 
time constant r„,C=r. 
Since Z21 =  +  R12, 

r„,  Ri2j,or -I- R21 
Z21 =   +  R12 =   (1 1) 

1 ± icor 1 + jwr 

where R21 is the dc value of Z21. 

It is of interest to compute the input impedance look-
ing into the emitter on this basis. It turns out to be 

r w2r2ri — jwrr2 

1 +  w27.2 
(12) 

the definitions r, r1, and r2 given later in (17). 
This input impedance is exactly given also by either 

of the two equivalent circuits shown in Fig. 9. Note that 
from the definitions r2 is always negative. This makes 

2 

T 
Fig. 9—Equivalent circuits of transistor at emitter terminals, with 

collector load and external base resistance. 

the capacitance negative and the inductance positive. 
Also, r is the dc input resistance of the circuit, and, 
therefore, the slope of the static curves in Fig. 8.7 

6 For a definition of the r's used here, see IV. Shockley, "Electrons 
and Holes in Semiconductors," D. Van Nostrand Co., New York, 
N. Y., p. 40; 1950. 

7 Note that negative resistance defined here is "pure" in that no 
change with frequency is allowed. Frequency dependence is taken 
care of by additional elements like inductance or capacitance in Fig. 9. 
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IV. A BASIC TRANSISTOR CIRCUIT 

We are now in a position to apply our analysis to a 
particular circuit of considerable interest in transistor 
applications. This is the circuit shown in Fig. 10. It is 
the basic type used in a number of high-speed switching 
applications.' We will see in Section V that it is also 
the practical equivalent of the basic circuit used for 
measuring current gain, in which case R2 is small. 

, ) 

Fig. 10—Basic circuit. Transistor including external base resistor. 

We will take R2 to be small enough that any output 
capacitance can be neglected. RI, however, is often 
quite large, and C1 must be included. It adds the second 
reactive element to that within the transistor whose ap-
proximate nature has just been discussed in Section III. 
We may be interested in the behavior of this circuit 

when v(t) is impressed. 
There are several equivalent approaches. We have 

already given in (8) and (9) a general solution for the 
unforced transients in the two-dimensional case, which 
corresponds to v(1) constant. However, A, B, and the 
k's must be computed for our particular case. The k's 
will be computed in Section VII as this is a convenient 
method of finding the transients in terms of io and vo 
when all applied voltages are constant. 
For the general case, we will write the circuit equa-

tions and their Laplace transforms to indicate how solu-
tions may be found for any form of applied trigger. If 
the trigger is applied in a different way from v(t), the 
equation will be different, of course, but the method is 
the same. In our case, the equations will be solved only 
for the steady-state response to an applied sine wave 
v(t) to show the variation of current gain with fre-
quency and to compute the constants A and B. 
If it is desired to work chiefly with the emitter voltage 

and current, which is often more convenient, either 
equivalent circuit of the emitter discussed will suffice. 
The mesh equations for the circuit of Fig. 10 in 

schematic layout are given below: 

/W C' 

RI2j(4T + R21 

1 ± jwr 

0 = v(1) • 

The Laplace transforms are 

R1+ — 
Cis 

1 
CIS 

1, 
Vi(0) 

0 = V(s)— 

Ru 
Vi(0) 

(14) 

R1215 + R21 71!,0 E 
0    R2+R22 = ,  + J. , 1+75 -Frs  s 

where L[i(t)] ---/(s), and so on, and voo is the initial 
voltage on the capacitor across r„,. It can be expressed in 
terms of vi(0) and i1(0). 

= E — (vio — Ruin) 
R2 ± R22 

210/(12.  (15) 
Ru 

From these equations the response to any v(t) can 
be calculated. The characteristic equation, s21-As+B 
=0, is found by equating the determinant of the sys-
tem to zero. It is found that 

where 

rir r(r1 R1) 
A =   

7T1r1 

R1  r 
= 

r = 

r1 = 

Triri 

R11 

R21 

R12 
▪ R2R11 

R22 

R2 + R22 

Rn Ral 
+ 122Rn 

R12  R22 

R2 + R22 

r2 = • 
R2 + R22 

(16) 

(17) 

= R1 C1, 

=  ru  + Rb, and so on. 

Note that r =ri-Fr2 and that r2 is always negative. For 
computation, the following equivalent forms are often 

more convenient: 

r = 

R12 = 01  (13) 
ri— 

Rs ± R22 =  E. 

• See for example A. E. Anderson, 'Transistors in switching cir-
• CUitS," PROC. I.R.E., vol. 40, pp. 1541-1558; this issue. 

J. H. Felker, "Regenerative amplifier for digital computer appli-
c cations," PROC. I.R.E., vol. 40, pp. 1584-1597; this issue. 

ari2+Rt (  rit — r12)  R2(rn -i— Rb) — , 1 a+  
rn r22 

Rb  R2 

1 + 
r22  r22 

•122 (  r11-2r12 R2(rit+Ro) 
rii- -+Rb 1+   

r22  rn r22 

Rb  R2 

1+— +— 
r22  r22 

(18) 

It is often the case that some or all of the terms with 
r22 in the denominator can be neglected. We have al-
ready mentioned that r is the emitter input resistance. 
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V. CURRENT GAIN VERSUS FREQUENCY 

In order to show that our approximation to the fre-
quency response gives an experimentally reasonable 
result, we will compute the current gain versus fre-
quency as measured in a practically realizable circuit 
arrangement. 

If the ac part of the response i2(1) to v(t) is calculated 
from (14) in the usual manner, we find 

V(s)(Ri2rs + R21)  
12(s) = — (19) 

(R2 + R22)rnri(s2 + As  B)' 

if v(0= Vieb", this gives 

I 1212 = R212 w27-2R122  

1V, 2 [(R2 + R22)Triri ]2[(B — w 2A  (20) 

When measuring the current gain, it is desirable that 
R1 be made as large as possible to give constant input 
current, R2 be small in comparison with r22, Rb =0, and 
C1=0. Under these conditions It = VI/RI, and the above 
yields 

1121 
II, I r22(1 + 0 7.2)1/2  (1 +  0 7.2) 1 /2 

This shows that our assumption gives the required 
variation of apparent a, current gain, with frequency. 
However, because of unavoidable stray C1 and the 
like, it is often very difficult to meet the required con-
ditions given above experimentally, especially when 
units with high-frequency response or base resistance 
are under test. In such a case, (20) shows that a com-
plicated curve can arise, having a peak apparent a near 
= -VB. Such a peak is actually frequently observed 

with high-frequency units, especially if biased near os-
cillation. We have seen that A =0 is the borderline 
condition for oscillation, when B>0, as it is here 
(Fig. 3). Equation (20) shows that the peak climbs as 
A approaches zero, and this behavior is also observed. 
We have also seen in (9) that the circular frequency 

of self-oscillations is given by N/T6,172. When A is 
small, this frequency is simply -VB, so that the tran-
sient oscillates at the frequency of the peak. This action 
is observed experimentally also. All this is to be ex-
pected, and from the point of view of the emitter 
equivalent circuit, merely amounts to saying that a 
resonance occurs between the external capacitance, CI, 
and the internal equivalent inductance at a certain fre-
quency, and that the circuit rings at this frequency. 

r21 a 
(21) 

VI. CIRCUIT STABILITY 

A few remarks about stability are pertinent at this 
point. Fig. 3 shows that if B<0, a "saddle-point" type 
of path family always results. In our case this condition 
is equivalent to Ri -Fr <0, (T r < —R1. A picture similar 
to Fig. 3 results. This condition is what is usually called 
"dc unstable." If, on the other hand, Ri+r>0, then 
the type of path family depends only on A. The border-
line stability case, A = 0, gives us 

ris  r(ri  RI) = 0  (22) 

by (16). If, furthermore, Ri>>ri, which is often the case, 
(22) reduces to simply 

T = (23) 

This gives the relation between internal and external 
parameters necessary for the borderline stability. Since 
T > 0, oscillation cannot take place unless r <0, as is to 
be expected. 
Equation (23) has been tested experimentally in con-

junction with J. R. Ilarris. As an example, unit EK362 
was biased to borderline stability in two cases with dif-
ferent CI; r, and C1 were measured, and CI calculated 
from (23). The results were as follows: 

I.  V, f, r  C1 (meas) 
ma  v mc it  µAi 
2.3  5.8  50.0 —169 21 
1.4  4.0  32.4 —138  41 

_ 
difT 20 

In view of the experimental difficulties, these 
are considered a reasonably satisfactory check 
assumptions of Section III for this unit. 

Ci(calc) 
µAi 
19 
36 

17 

results 
on the 

VII. "NEGATIVE-RESISTANCE" RELAXATION 
OSCILLATIONS 

In this section the operation of the circuit of Fig. 10 
as a simple oscillator of the type known as a "negat ive-
resistance" relaxation oscillator will be discussed. It will 
be seen how the familiar simplified explanation of such 
an oscillator when CI is large is contained in the general 
solution as a special case. 

As has been mentioned, the circuit of Fig. 10 has a 
dc input characteristic as shown in Fig. 8, which is 
usually called an "N-type" negative resistance. We will 
discuss this circuit in the case when 1R11 > I rl and the 
load line of R1 crosses the dc characteristic in the nega-
tive-resistance part, like line A in Fig. 13, for example. 
If the external capacitance C1 is large,' such a circuit 

will usually exhibit oscillations of the "relaxation" 
type. The usual qualitative explanation of the oscilla-
tions states that the current-voltage point of the system 
moves up the left leg of the "N" until it reaches the 
peak, then snaps quickly over to the right leg, moves 
down that side to the valley, snaps to the left side 
again, and so on. The speed of motion on the legs is de-
termined by the time constant of the external capaci-
tance in parallel with both load and input resistance. 
This description is adequate for the case of large ex-

ternal capacitance, and gives good results when the 
"snap" time is small compared with that on the legs. 
However, an explanation for such behavior and in-
formation as to speed and path of the snap transition 
are needed. This is because the "snap" time becomes 
comparable with the rest of the cycle as the external 
capacitance is lowered in high-speed switching circuits. 
Furthermore, it is possible to have a condition in which 
no spontaneous oscillations take place at all, because 
the intersection of the load line of RI and the negative-
resistance characteristic determine a stable point. 

9 This is the case treated by G. E. McDuffie, "Pulse duration and 
repetition rate of a transistor multivibrator," PROC. I.R.E., vol. 40, 
pp. 1487-1490; this issue. 
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Our analysis answers all these questions, under the 
assumptions made in Section III. 
- The question of stability has already been answered 
in Section VI by (22) and (23). If r <0 but r is large 
enough (or ri small enough) to make the left side of 
(22) (which is the numerator of A) positive, no spon-
taneous oscillations can take place. 
In order to examine the trajectories, (3) is needed for 

our circuit. 
To calculate (3) for our case, the mesh equations 

(13) of the circuit and then the nodal equations can be 
differentiated and the result solved for diddt and 
dvi/dt, or one of the equivalent circuits can be used 
somewhat more conveniently. In either case we find 

so that 

dii 71- T  T RI  rir 
=   

dl  Triri 

dri 1 
—  = - — (vi RIO 
dl Ti 

= 

k21 = 

71 - 7  T RI  Tir 
ki2 = 

Trirt 

1 

71 

RI 1 
k22 =  -  =  ' 

Ti 

trajectories become unstable nodes with nearly hori-
zontal parts except near the r-line. If r >0, the same 
holds except that we have stable node paths with sy-40. 
We have seen in Section II that stable node paths ap-
proach the urigin with slope m1. Since in the stable 
case (when r >0), (7) shows that Thus each path 
moves horizontally until it approaches the r-line, turns 
rapidly, and approaches the origin with slope r. 
In either case, the dominant time constant is -271/r 

which is about r if r/ri is around unity (a typical case, 
although it can be considerably less). 
This can be seen in a more illuminating way. When 

C1---,00, the paths are nearly horizontal, v1 is nearly 
constant, and (24) gives 

(24) 
that is, 

dii r — 11 = 
dl  Tr' 

const., 

ii =  const. (27) 

Thus during a current change, the time constant is 
dominated by the transistor. While, however, the system 
moves along the r-line, v1=ri1, and (24) gives 

(25)  dvi = (I + RI\ 

dl  r 

In (24) the constant term has been eliminated by 
transforming the origin of (i, v) co-ordinates to the inter-
section of the load line of R1 and the r-line, that is, to 
the dc point of equilibrium. This amounts, of course, 
to considering the ac part of the motion, which takes 
place around the dc equilibrium point. We have done 
this throughout. 
It can be seen from (24) that in the circuit under 

discussion, trajectories are always horizontal (dvildii 
=0) when crossing the load line v1=  and that 

they are vertical ( — =0) when crossing 
dvi 

TR' Tir 
Vt -    21. 

Ii - T 

If ri is large compared with I, because of large C1, the 
last equation reads approximately vi=rii. Also, as 

, the field of paths tends to become horizontal 
everywhere, except near vi =ril, since by (24) dvi/dil-,0 

unless v, = ril 
If this is investigated a little further, we can see how 

our general solution degenerates when C1--) 'JD , to the 
intuitive picture of the current "snap" over to the r-line. 

From (4) it can easily be shown that 

Si  - -A-

(26) 

t as (4B/A 2)-,0. (If A <0, interchange 1 and 2.) 
As C,-, 00 , B-,0, and A --,(r/rri) <0 if r <0 by (16). 

Therefore, s2-->0 and s1--,- (r/rri). Thus by Fig. 3 the 

or v1 = vioe-t/RCI,  (28) 

where R is the pirallel combination of R1 and r. Thus, 
along the r-line, the time constant is dominated by the 
external capacitance, that is, the circuit degenerates to 
a simple resistance-capacitance network. 
We have seen in the foregoing how our general equa-

tions agree with the familiar qualitative description in 
the case of large C1, and give the time constants during 
snap transitions. To find the exact times, i(t) and v(t) 
can be calculated by means of (8) or (9). This will be 
illustrated in the next section for a high-speed case in 
which the approximation x cannot be made. 
While the emitter voltage and current are following 

a given trajectory, we may wish to compute the output 
at the collector. Fig. 10 shows that 

1/2 = E - i2R2 

= 
Vi 

R12 

R2 

= E - (vi - 
R12 

(29) 

which gives th, i2 in terms of v, and 271 at any instant. 
Under our assumptions, R11 and R12 are independent of 
frequency, so that these equations always hold. How-
ever, it must be remembered that R11 and R12 must be 
average values over the region of interest in the large 
signal case, just as in the case of all our parameters. In 
particular, for a transistor, rii and r12 change so rapidly 
in the neighborhood of ii =0 that care must be exercised 
in using the equations there. 

VI II. APPLICATION TO A RISE-TIME AND WAVEFORM 
CALCULATION 

As an illustration of the application of the methods 
discussed, they will be applied to a calculation of the 
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waveforms and transition times of a regenerative ampli-
fier to which Fig. 10 approximates. This amplifier has 
been used by Felker in high-speed computing applica-
tions, and has been described by him.'° 
It is believed that, although the regions to which a 

given parameter belongs are not yet known in every 
case, particularly during the return time when minority 
carrier storage is effective, it will be seen that the meth-
od developed affords a useful tool for understanding and 
designing circuits essentially dependent on nonlinear 
device properties. 
Since the details of operation of the regenerative 

amplifier in its system application have been discussed 
by Felker, we will confine ourselves here to briefly giving 
only the facts pertinent to our calculation. 
For our purposes, the circuit operation can be under-

stood by reference to Figs. 11, 12, and 13. Fig. 11 shows 
the relative timing of the input pulse applied to the 
emitter and the reset clock pulse applied to the base of 
the transistor. Both pulses are here assumed to be 
square waves. It will be shown neglecting transition 
times of signals leads to a very good approximation. 

INPUT 

SC.NAL I  

BASE 
PuLSE 

SEC  i t sLC 

to El t, t, 

Fig. 11—Relative timing of input and base waves. 

The base pulse is applied through a diode, and its 
chief effect from our point of view is to raise and lower 
the entire dc emitter characteristic of the transistor as 

PjLINE 

ausr 44,-(14 9ro 
TER t. 

it -LINE AND APPROXIMATE 
PATH FROM C) TO 0 — 

R,-t_,NE JUST BEFORE I 
AND JUS AI TFp 12 

ASSUMED NOT EFFECTIVE AS 

uNE DURING THESE PATHS 

Re  NE  " Cl o  r 

PATH JUST AFTER 13 

IA (NOT EFFECTIVE DURING THESE PATHS) 

Fig. 12—Illustrates r and RI-line configurations and paths between 
to and Si, and just after £3. Assumptions: (I) dc emitter input 
characteristic (r-lines) is controlled by base wave. (2) R1-line 
configuration is controlled by the emitter input wave, but the 
RI-segment in use at any instant is controlled by the emitter 
voltage at that instant. 

1° j. H. Felker, "Regenerative amplifier for digital computer ap-
plications," PROC. I.R.E., vol. 40, pp. 1584-1597; this issue. 

Novembel 

the pulse rises and falls. However, no external base re 
sistance is effective during the base pulse and the effec 1 
tive supply voltage is raised in magnitude so that th,•1 
parameters of the unit will be somewhat different dur - 
ing this time. The fall of the emitter characteristic i 
shown in going from Fig. 12 to Fig. 13, and the rise it 
going from Fig. 13 to Fig. 12. 

or, FROM Zro 

PATH JUST AF TER 1, 

RE AK 

-0 

2 
_ K . 

VALLEY 

,r -LINE FROM Q) TO 

Fig. 13—Illustrates r and RI-line configurations 
and paths just after It. 

The input pulse is applied through diodes in such a. 
way as to shift the load line (R1 in Fig. 10) from a !owl 
value, (B), to a high one, (A) , and back again. 
In these terms, the action is as follows with some' 

simplifying assumptions. Initially, just before to (Fig. 
11), the emitter voltage and current are at the stable 
point (1), Fig. 12. At to, the input pulse suddenly estab-
lishes a new load line passing through point (3). The 
emitter point starts upward towards the new stable 
point (3). During this motion there is no effect on the 
output, since the transistor is in cutoff; this means the 
rise of the input pulse has little effect on the action. At 
11, the base pulse suddenly shifts the dc characteristic 
to its position as shown in Fig. 13. The emitter point 
may not have nearly reached (3) at this time, depending 
on the timing and circuit constants. The picture is 
drawn as if it had traveled only part way, namely, to 
(2). Motion now takes place which ends at the stable 
point (6). At to, the base pulse suddenly shifts the dc 
characteristic upward again as in Fig. 12. The emitter 
point, initially at (6), then follows a path toward the 
stable point (7), stopping when cutoff is reached, and 
ending at (1) to begin again. 
The motion is therefore divided into three parts, each 

of which must be calculated, although during the first 
there is no output. These three parts are between points 
(1) and (2), (2) and (6), and (6) and (I). 
Between (1) and (2) the transistor is in its current-

cutoff condition, and the r effective here is the back re-
sistance of the emitter. Thus, a sufficient approximation 
is to consider the circuit as a simple RC network where 
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R is the parallel combination of R1 and r, as in Section 
VII. Hence 

.21 vioe  —8/RCI 
• 

where the origin is at point (3) and 7,0 is the voltage of 
(1) referred to this. In our numerical case, point (2) was 
chosen at emitter current and voltage zero, which is a 
good enough approximation for our purpose. This be-
comes the new vo to be used at point (2) for ent ry into 
the next phase of the motion. Here the emitter current 
has remained essentially zero throughout. As men-
tioned above, no output has appeared as yet. 
We are now ready to carry the motion into the active 

region of the transistor and discuss the path between 
(2) and (6) in detail. Note that in this circuit, the input 
pulse merely sets the stage and the circuit is then al-
lowed to carry on by itself. Therefore, (8) and (9) may 
be used to compute the motion, rather than (14), since 
no v(/) is applied during this motion. 
Because of the external diode action, line A will be 

effective as the load line RI as long as the emitter voltage 
does not rise above the voltage of point (3), or below the 
voltage of point (1). When the voltage of point (1) is 
reached, line B becomes effective as R1 in our equations. 
We then have a new path based on the active region 
intersection of B and the dc characteristic, 02, as origin. 
This path continues to point (5), vertically above the 
valley, at which place we assume the r and the r of the 
transistor change. 
The circuit under discussion was developed for use 

with the M-1734 high-speed switching transistor. At 
present, its parameters in the active region are as 

follows: 
Approx. Mean 

rn  700 it 
rn  500 
rn 44 K 
rn 20 K 
f`  20 mc/sec 

This give an average a =2.2. 
Using these mean values in (18), we find r = —10000, 

r, =1200E2, and T = 8 X10-9 sec. The co-ordinates of the 
important points are as follows, in terms of the emitter 

voltage and current: 

(6) 
(7) 
(1) 
Peak 
Valley 

Current 
ma. 
0.34 
0.56 
6.8 

-5.3 
0.0 
0.0 
2.8 

Approx. Range 
600-800“ 
400-600 
35 K-55 K 
15 K-25 K 
10-50 mc/sec 

Voltage 

-0.84 
-1.1 
-1.7 
-0.47 
-0.3 
-0.5 
-3.3 

The external parameters for the motion between (2) 
and (4) are RI= 20K, Rt= 50012, R2=5000, and C1 
2 x10-" farad, givingr, ----- 4 X10-7 sec.Herevio =0.84 volt, 
and io = —0.34 ma, the voltage and current of point (2) 
referred to 01. With these data, we find A = —6.3 X10' 
an' B = 5.2 X1015 from (16), A = — 1.7 X10" by (4). Using 
(9), we calculate the path, and find point (4) is reached 
in 0.022 µsec. These and subsequent calculations 

quoted were carried out by R. D. Paclgitt. 

For the motion between (4) and (5), vo and io were 
found to be 0.5 volt and 1.9 ma, and R1=100. The time 
between (4) and (5) was found to be about 1.7 X10-3 
µsec. 
We are now ready to continue to point (6). Point 

(6) is a stable point in this region, since r > 0 during 
this motion, and therefore both A>0, and B>0. In our 
illustrative calculation, r was raised to 3.2 X10-8  sec. 
although the best value is not yet known. Appropriate 
values of rand r, are r =41012, ri =410S2, giving A =6.5 
X 108, B = 1.9 X1016, A = 3.5 X 10", and (8) shows v, and 
approach (6) exponentially. The point arrives within 

0.1 ma of (6) from (5) in 0.1 µsec. Ninety per cent of 
the total current change of 6.8 ma from (2) to (6) takes 
place in about 0.065 lasec. 
Our emitter now remains at (6) until t3, when the 

base pulse produces the picture and subsequent motion 
shown in Fig. 12. In this case, of course, (7) is used as an 
origin with initial co-ordinates at (6). Parameters just 
the same as those used between (5) and (6), except 
r =r1=250S2 to account for zero Rb, give a time of 0.04 
µsec to arrive at the cutoff region (emitter current 
zero). The voltage is then so close to (1) that this is 
considered the end of the motion calculated to our de-
gree of approximation. 
The entire emitter cycle has now been completed. 

If it is desired to compute the output at the collector, 
(29) can be used. The R11 and R12 to be used are, of 
course, the average values within any region just as our 
other parameters. There is also a rise in collector 
voltage at 13, resulting from the base pulse. (No such 
change occurs at /1 since the unit is in cutoff.) This 
change can be calculated approximately by well-known 
dc methods. Since nothing new is involved, these cal-

OUTPUT PUL SE 

Fig. 14—Qualitative diagram of collector output 
pulse showing corresponding emitter points. 

culations have not been made numerically. However, 
qualitatively, the output voltage wave according to our 
approximations looks like Fig. 14, which shows the 
points of Figs. 12 and 13 at the corresponding times. 
The rise time for 90 per cent of full change will be ap-
proximately the same as that of the emitter current, 
i.e., about 0.065 µsec. 
Comparing this picture with experience, the calcu-

lated rise time is somewhat longer than usual, mostly 
due to the time between (5) and (6), which suggests 
that r may remain low between those points, instead of 
getting larger, as we assumed. 
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The tail of the pulse, however, differs from the most 
often observed case in that v2 as observed usually re-
mains relatively constant after /3 for a period up to 0.1 
µsec before it decreases. It is during this time, with the 
collector in saturation, that the phenomenon of minor-
ity carrier storage is most apparent since the voltage 
across the collector barrier is small, and this voltage 
cannot change until the stored carriers arc removed 
from the body of the semiconductor. This presumably 
causes the period of slow collector voltage change re-
ferred to. The calculated fall time of 0.04 Asec is also 
too short. However, we have seen how a nonlinear cir-
cuit can be approximated by changing linear parameters 
and circuits at suitable currents and voltages, and such 
changes can also be made during certain periods of time. 
It is not yet known whether the storage effect can be 
accounted for by a suitable choice of parameters in 

our circuit, or if a circuit with different frequency de-
pendence should be chosen during the storage time. 
Our conclusion is that the calculation of the output 

wave results in a rise which is reasonably correct quan-
titatively, but that accurate calculation of the fall re-
quires further study. It is believed that inaccuracies in 
both cases are (Inc to insufficient knowledge of values 
of transistor parameters and the regions or times during 
which given average values are effective. Further experi-
mental work along these lines should make it possible 
to use the methods described to predict the complete 
performance of nonlinear transistor or other circuits to 
satisfactory engineering requirements. 
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Control Applications of the Transistor* 
E. F. W . ALEXANDERSONt, MEMBER, IRE 

Summary —This paper explores the possibilities of using the 
transistor for control functions which are, in present-day practice, per-
formed by magnetic amplifiers, amplidynes, and thyratrons. It is 

found that a main transistor controlled by auxiliary transistors can 
be made to perform in a way resembling the phase-controlled recti-

fier. It can be energized from an ac power supply and it can be oper-

ated with an efficiency which approaches the rectifier. In several 

ways it is superior to the magnetic amplifier: It can carry current in 

both directions and it can serve as a two-way rectifier or a frequency 

changer. It is hoped that these possibilities will lead to development 
of transistors in larger units. 

INTRODUCTION 

rfiHE PUBLICATIONS of the Bell Telephone Laboratories are the source of information for this 
paper, particularly the writings of Shockley, 

Sparks, and Teal on the p-n junction transistor. Deduc-
tions from these discoveries and theories can be made 
which lead to the design of transistor circuits based on 
analogy with vacuum-tube circuits. Examples of such 
deductions are contained in papers on transistor circuits 
by Wallace, Raisbeck, and Pietenpol. The model in this 
paper is the phase-controlled rectifier. 

ANALOGY WITH THE CONTROLLED RECTIFIER 

A question of more than theoretical interest is, can 
the transistor take the place of the controlled rectifier? 
In this connection it should be observed that a class A 
amplifier of either the electronic or the transistor type 
has an efficiency of power conversion which approaches 
50 per cent as a theoretical maximum, whereas the 

Decimal classification: R282.12. Original manuscript received 
by the Institute, August 14, 1952. 

General Electric Co., Schenectady, N. Y. 

rectifier has an efficiency which approaches 100 per cent 
and is often well over 90 per cent. The reason for the 
high efficiency of the rectifier is that it presents either 
an open circuit with voltage and no current or a short 
circuit with current and almost no voltage. 
The efficiency of the transistor when used as a control 

device with ac power supply may be estimated by 
extrap )Iating data which has been published on the 
transistor. In the volume of reference material published 
by the Bell Telephone Laboratories in 1951 is an article 
by Wallace and Pietenpol which gives the characteristic 
curves of a transistor. Fig. 4 in that article shows the 
volt-ampere characteristics of the collector circuit at 
various values of emitter current. A load line indicates a 
typical variation between maximum resistance and 
minimum resistance. The extreme points on this load 
line may be assumed to be the operating points of a 
controlled transistor with ac power supply. 
One of the extreme points shows 40 volts at approxi-

mately 0.1 ma. This corresponds to 400,000 ohms. The 
other extreme point on the load line shows 1 volt at 
4 ma which represents 250 ohms. Thus there is a control 
range of 1,600 to 1. 

If we now assume that the load current is 4 ma and 
the drop in the transistor 1 volt, as indicated by these 
characteristics, we may impress 40 volts and utilize 39 
volts in the load circuit. Thus we have a load loss in the 
transistor of 4 per cent. We may furthermore assume 
that this takes place only on the positive half-wave and 
that the negative half-wave is suppressed by giving the 
transistor its maximum resistance. We find then that 
there is an additional idling loss of 0.1 ma at 40 volts 
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which is also 2i per cent. Thus we may estimate an over-

all efficiency of 95 per cent with 5-per cent loss in the 
• transistor. This is analogous to a motor with 21-per cent 

load loss and 21-per cent core loss. While this is an 

extrapolation which may not be valid for transistors 

designed for higher power, the indications are highly 

promising. 

TRANSISTOR WITII A( POWER SUPPLY 

Fig. 1 shows the basic circuit for a transistor with ac 

power supply. The load is indicated as a resistance. The 
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transistor which is in series \\ ith the load controls the 

current floi‘ on both the positive and negative half-wave. 

The terminals of the n-p-n transistor therefore change 

places as collector and emitter on successive half-waves. 

Full current flow is delivere4I it the transistor is given 

minimum resistance from the beginning of each half 
cycle. On the other hand, the c(nitrol may be so adjusted 

that the transistor exhibits maximu m resistance during 

the first portion of each half cycle and changes to mini-

mum resistance during the latter portion of the half 

de. The starting of the current flow is then retarded 
and the effective current flow is reduced. This is phase 

control in the accepted sense. But it is not controlled 

rectification. It is phase control in an ac circuit. 

The control circuit which produces this effect is 

shown in Fig. 1. It has two distinct parts which will be 

referred to as injector circuit and deflector circuit. The 

desired effect is produced by the combined function of 

these two circuits. 
The injector circuit is a rectifier fed from the termi-

nals of the transistor. In addition to the transistor voltage 
an ac bias may be introduced by transformation as 

shown. The ac bias has the object of providing a power 

supply for the rectifier circuit even if the control of the 

I transistor is so effective that the voltage drop between 
-1 its terminals approaches zero. The ac bias may not be 

 ̂ needed, and it has been omitted in Figs. 2 and 3. 

The output of the injector circuit is a positive direct 
current which may be injected into the base terminal 
of the transistor in order to give it maximum conductiv-
ity. The transistor is then in condition to carry full cur-
rent in both directions with minimum resistance loss. 
The deflector circuit has the object of diverting the 

injector current so that it does not reach the base ter-
minal of the transistor. The deflector circuit may be 
active or inactive, depending upon an ac control voltage 
introduced by transformation. When the deflector cir-
cuit is active, no current reaches the base terminal and 
the transistor exhibits maximum resistance. 

The control voltage of the deflector circuit is the 
means for applying phase control. When the control volt-
age is in phase with the power voltage, the deflector 
circuit becomes inactive and the injector current is ad-

mitted to the base terminal of the transistor. Thus, the 
transistor is in condition to pass full current. If, on the 
other hand, the phase of the control voltage is retarded, 

the result is that the injector current is deflected and the 
transistor exhibits maximum resistance until a later 
moment when the control voltage passes through zero. 

The functions of the control may be analyzed as 

shown in Tables I and II. 

TABLE II 

Phase control advanced 

Positive halfwave ! Negative halfwave 

Deflector circuit Inactive  Inactive 

Transitor resistance Low  Low 

Load current  Full  Full 

Power flow ‘C full load 

TABI.E II 

Phase-control retarded 

Positive halfwave  Negative halfwave 

Deflector circuit 

Transitor resistance 

Load current 

1st  2nd I 3rd 
quarter  quarter  quarter 

Active  Inactive  Active 

High Low I High 

4th 
quarter 

Inactive 

Low 

Low  High  Low 

Power flow AC reduced 

High 

Two SOURCES OF CONTROL 

In the simple ac phase-controlled circuit described 

above the injector circuit is always active, but the cur-
rent which it delivers may be injected into the base 
terminal or it may be deflected by the ac control volt-
age. 
The usefulness of a transistor with an ac power sup-

ply can be greatly increased by providing a second 
source of control. The injector circuit lends itself well to 
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this. It is a rectifier which can readily be developed as a 
controlled rectifier. A pair of triodes may be used as 
controllable rectifier elements. The diagrams of Figs. 2 
and 3, however, show auxiliary transistors which may be 
more desirable for two reasons. The transistor is a con-
stant current device at any one emitter excitation. This is 
clearly shown by the published characteristic curves re-
ferred to above. An auxiliary transistor therefore lends 
itself well to delivering the desired injector current re-
gardless of voltage fluctuations in the power supply to 
the injector circuit. A second reason for preferring the 
auxiliary transistor to a triode is its ruggedness and re-
liability. 

/ci.C. PO WER SUPPLY 
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Fig. 2--Remote control of transistor for operating dc motor. 

Fig. 3—Transistor as frequency changer operating induction motor. 

Tables III, IV and V analyze the functioning of 
the two sources of control. It is desirable to operate a 
dc motor with an ac power supply and control the speed 
from standstill to a maximum in both directions of 
rotation. The control of the injector circuit changes the 
transistor into a rectifier and determines whether the 
output voltage should be positive or negative. This con-
trol will be referred to as polarity control. The injector 
current is always positive, but it becomes a polarity 

control because the control delivers the injector current 
on the positive half-waves and suppresses it on the nega-
tive half-waves, or vice versa. 
While the polarity control performs this selective 

function, the phase control determines how high the 
rectified voltage should be, and thereby determines the 
speed of the motor. 

TABLE III 

Motor control full speed forward 

Deflector circuit 

Injector circuit 

Transitor resistance 

Load current 

\ I.,tor speed 

l'hase control advanced 

Polarity control positive 

Positive halfwave 
_ 

Negative halfwave 

Inactive Inactive 

Active Inactive 

Low High 

Full positive Low negative 

Full forward 

TABLE IV 

Motor control full speed reverse 

Deflector circuit 

Phase control advanced 

Polarity control negative 

Positive halfwave 

Inactive 

Injector circuit Inactive 

Negative halfwit ye 

Inactive 

Active 

Transitor resistance 

Load current 

High Low 

Low 

Motor speed Full reverse 

High 

TABLE V 

Motor control reduced speed forward 

Deflector circuit 

Phase control retarded 

Polarity control positive 

Positive halfwave Negative halfwave 

1st 
quarter 

Active 

2nd 
quarter., 

3d 
quarter 

4th 
quarter 

Inactive 

Injector circuit 

Transitor resistance 

Load current 

Motor speed 

Active Active 

Active 

Inactive 

Inactive 

Inactive 

High Low High High 

Low Full  Low 

Reduced forward 

Low 

REMOTE CONTROL OF DC MOTOR 

Fig. 2 illustrates an application of combined polarity 
and phase control. The problem is to control a dc motor 
in response to a remote signal in such a way that the 
motor runs forward at a speed proportional to the in-
tensity of a positive signal and in reverse at a speed 

1 
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proportional to the intensity of a negative signal. When 
there is no signal, the motor should be at standstill. 
Such a signal may be transmitted by radio. 
The polarity control is used to determine the direction 

of rotation. When the signal current is positive, it re-
leases a control of the injector circuit which produces a 
full injector current during the positive half cycles and 
blocks the injector current during the negative half 
cycles. A translating device is therefore needed which 
delivers an ac voltage in phase with the power voltage 
when the signal current is positive and a voltage of op-
posite phase when the signal current is negative. Such a 
t ranslating device is indicated by a box symbol in Fig. 2. 
It may consist of .1 push-pull system of saturable reac-
tors. This ac voltage is impressed upon the control cir-
cuit of the rectifier w Inch delivers the injector current. 
The m 4nor ill thus recei‘ e power from the positive or 
negative half-waves of the power supply, depending on 
the positive iir negati\ e pdarity of the remote signal. 
The second requirement is that the motor speed 

should be proportioned to the in  of the signal. 
This is done 1,‘ phase control acting in the deflector 
circuit. The phase advance should be pisportional to the 
intensity of the signal. This is accomplished by a well-
know n phase-shift de x ice dependent upon magnetic 
saturation. The signal is used as saturating current, and 
has the effect of .id lilting the phase regardless of 
whether the signal current is positive or negative. In 
Fig. 2 this translating device is represented by another 
box symbol. 
The two translating devices for the remote signal 

indicated On Fig. 2 are labelled "phase advancer" and 
"phase reverser. - l'he first advances the phase in the de-
flector circuit regardless of the polai ity of the signal. The 
second reverses the .ic control voltage of the injector 
circuit in response to the polarity of the signal. 

FF EDI+ ACK CONTROLS 

Motor control by transistor is adapted to feedback 
systems such as positioning controls. A position signal 
is brought back from the motor-driven apparatus and 
matched against the master control. An error of posi-
tion then generates a signal which is fed into the remote-
control circuit. 
This system is also adapted to positioning control of 

an oil motor. The dc motor fed by the transistor turns 
an oil valve for forward or reverse operation of an oil 
motor. A feedback signal responsive to the position of 
the oil valve is matched against the remote-control sig-
nal. Then there is another feedback responsive to the 
position of the equipment driven by the oil motor. This 
feedback is matched against the master control. 
An error of position generates a remote-control signal. 

This signal activates the transistor and starts the dc 
motor. When the valve has turned to a position corre-
sponding to the strength of the signal, the negative feed-
back from the oil valve neutralizes the signal and the dc 
motor stops, leaving the oil valve in an open position. 

The oil motor therefore continues to run until the error 
has been corrected. The motion of the oil motor dimin-
ishes the error, but before the error has been reduced to 
zero, another chain of events takes place. The negative 
feedback from the oil valve overpowers the error signal 
and the transistor is activated in negative direction, 
thereby reversing the dc motor which in its turn closes 
the oil valve. The equipment driven by the oil motor 
will, therefore, approach the correct position gradually 
and not overrun. 
This system is also adapted to control by radio. The 

radio signal may contain supermodulated frequencies, 
which give positive or negative indications which are 
rectified and fed into the remote-control circuit which 
activates the transistor. 'When positioning control by 
r.tilii) is wanted, this can be accomplished by matchirg 
the radio-controlled signal against a feedback signal 
from the motor-driven equipment. 

FREQUENCY CHANGER 

Fig. 3 shows an application of the transistor as a fre-
quency changer. The load circuit is an inductance ca-
pacity circuit tuned to the desired frequency and feeding 
an induction motor which may be operated at variable 
speed, depending upon the adjustment of the variable 
shunt capacitor. 
The phase control is connected to the power system 

and the polarity control to the output circuit. When the 
positive voltage of the power circuit coincides with the 
positive voltage of the load circuit, the transistor be-
comes conductive in the positive direction and delivers 
power to the load circuit. When the negative power volt-
age coincides with the negative output voltage, the tran-
sistor also becomes conductive, but then in the negative 
direction. Thus a negative current flows from a negative 
source, giving a positive transfer of energy. 

CONCLUSIONS 

In the two applications here described, a single tran-
sistor functions as a reversible rectifier and as a fre-
quency changer. It thus exhibits properties not pos-
sessed by any device known so far. The possibilities of 
polyphase and composite transistor circuits are too nu-
merous for exploration at this time. This promises to 
become a new branch of industry and research, if tran-
sistors can be developed for reasonably high power. In 
pointing out these possibilities, the author hopes to con-
tribute an incentive for such a development. 
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Power Rectifiers and Transistors* 
R. N. I-1/11.1.t 

Summary—The behavior of donor, acceptor, and ohmic contacts 
prepared by fusing impurity metals to germanium is discussed. 
Power rectifiers having rectification ratios as high as 107 can be 
made by fusing donor and acceptor contacts to opposite surfaces of a 
germanium wafer. An analysis of their electrical characteristics is 
presented which agrees well with the measured performance. The 
properties of transistors prepared in a similar manner and which are 
capable of 100 watts of output power are described. 

I. INTRODUCTION TWO DISTINCT CLASSES of germanium p-n 
junction devices are now being manufactured. 

  Although both conform very accurately to theo-
retical expectations, their electrical characteristics are 
significantly different and their fields of application 
differ accordingly. 
One type of unit" makes use of a small bar of 

germanium whose impurity content changes abruptly 
at one or more places along its length as shown in Fig. 1. 

N-TYPE 
4P-TYPE 

N-TYPE 

Fig. 1 ---P-n junclion rectifiers and transistors. 

Although rectifiers and transistors constructed in this 
manner exhibit remarkably good low-level electrical 
characteristics, they are not well suited to high-power 
applications. 
A good example of the second method of making p-n 

junction devices is the General Electric G-10 rectifier, 
shown schematically in cross section by Fig. 2(a). This 
germanium power rectifier is prepared by fusing donor 
and acceptor impurity elements to opposite sides of a 
small wafer of germanium.' The excellent electrical and 
thermal contact with both sides of the wafer, which is 
possible with this type of construction, permits efficient 

• Decimal classification: R282.12 XR366.3. Original manuscript 
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t General Electric Research Laboratory, Schenectady, N. Y. 
I F. S. Goucher, et al., "Theory and experiment for a germanium 

p-it junction," Phys. Rev., vol. 81, p. 637; 1951. 
2 W. Shockley, M. Sparks, and G. K. Teal, "P-n junction tran-

sistors," Phys. Rev., vol. 83, p. 151; 1951. 
R. N. Hall and W. C. Dunlap, Jr., "P-n junctions prepared by 

impurity diffusion," Phys. Rev., vol. 80, p. 467; 1950. 

operation at very high current densities. Several kilo-
watts may be reliably handled by a rectifier made from 
a piece of germanium the size of a dime. 

ACCEPTOR 
CONTACT 

DONOR 
CONTACT 

EMITTER 

(b) COLLECTOR 

BASE 

Fig. 2—Fused impurity contact rectifiers and transistors. 

Fused impurity contact transistors, capable of deliver-
ing a few watts of output power, have been made by 
fusing a small acceptor impurity contact to each side 
of an n-type germanium wafer,' as shown in Fig. 2(b). 
An investigation of the limitations of this type of 
transistor shows that the attainment of a substantial 
increase in power output cannot be achieved simply 
by increasing the areas of the emitter and collector 
contacts. For satisfactory high-power operation, all 
three electrodes must be placed close to each other, and 
each must have a large area of contact to the ger-
manium. An electrode arrangement which meets these 
requirements is illustrated in Fig. 3. Emitter and col-

EMITTER 

BASE 
Fig. 3 —I Ugh-power transistor construction. 

lector electrodes are intermeshing grid structures fused 
to one side of a germanium wafer, while the base con-
nection covers the other side. Somewhat better elec-
trical performance may, perhaps, be obtained from 

4 J. S. Saby, "Fused impurity P-N-P transistors," PROC. I.R.E., 
vol. 40, pp. 1358-1361; this issue. 
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some of the other electrode arrangements which are 
possible. This structure works reasonably well, how-
ever, and was chosen because of its simplicity and be-
cause it illustrates clearly the principles of power 
transistor operation. Transistors capable of 100-watt out-
put power have been constructed in this manner. 
Their electrical characteristics and principles of opera-
tion will be described below. 

II. CONSTRUCTION OF FUSED IMPURITY 
CONTACT JUNCTIONS 

When an impurity metal is fused to a piece of ger-
manium, the impurity penetrates by diffusion a small 
distance into the unmelted germanium. Between this 
diffusion layer and the bulk of the impurity metal is 
usually found an oriented deposit of germanium satu-
rated with the impurity metal, whose crystal structure 
is a continuation of that of the undisturbed germanium. 
Although the measured diffusion constants for n- and 
p-type impurities in germanium are very small, it ap-
pears that with the heating cycles commonly employed, 
the diffusion layer contains a sufficient number of im-
purity atoms to define the boundary conditions at the 
junction.' In any event, since it is followed by a much 
thicker layer of saturated germanium, the junction may 
be regarded as an abrupt transition from undisturbed 
material to germanium which is very heavily doped. 
Indium is preferred as an acceptor contact material 

because its softness eliminates problems due to differen-
tial expansion. When it is bonded to high-purity n-type 
germanium, the p-n junction which is formed is cap-
able of blocking inverse voltages as high as 1,000 volts.. 
When operated in the forward direction, this type of 
junction functions as a highly efficient hole emitter be-
cause of the very large impurity ratio on the two sides 

of the junction. 
Indium fused to p-type germanium forms a non-

rectifying contact which is ideal in the sense that it is a 
source of holes only. In other words, the interface be-
tween the indium and the undisturbed germanium has a 
negligible surface recombination velocity so that elec-
trons are not generated there, nor do they recombine 
preferentially there when injected in the neighborhood 

of the indium contact. 
Similar statements apply to donor contacts which 

may be made by fusing antimony to n- or p-type ger-
manium. In this case, however, the recombination 
velocity at the contact, although small enough to be 
ignored in the present treatment, is not always negli-
gible. P-n junctions formed between p-type germanium 
and antimony have inferior reverse characteristics, 
presumably because of damage resulting from differen-
tial expansion between the germanium and the brittle 

antimony-germanium eutectic. 

6 W. C. Dunlap, J. S. Saby, and A. C. English discussed the struc-
ture of fused impurity contact junctions at the IRE and AIEE Con-
ference on Semiconductor Device Research; June, 1952. 

Ohmic contacts result when the recombination ve-
locity at the surface between the electrode and the 
germanium is very high. Most metals which are in 
neither the third nor fifth columns of the periodic table, 
such as tin or lead, give rise to ohmic contacts when 
fused to germanium. An electroplated connection to a 
sandblasted germanium surface provides a similar high 
recombination-rate contact. 
Donor, acceptor, and ohmic contacts are terms which 

apply to three different and clearly defined types of 
electrical connection which may be made to germanium. 
Although contacts of each type may be closely approxi-
mated in practice, it will be appreciated that electrodes 
of intermediate character can be obtained. For example, 
a continuous range of tin-indium alloys may be used to 
give a variety of contacts ranging from ohmic to purely 
acceptor in character. 

III. HIGH-LEVEL INJECTION IN GERMANIUM 

Fused-contact rectifiers and transistors are generally 
constructed from nearly intrinsic n-type germanium. 
The flow of appreciable current densities requires the 
injection of both holes and electrons into the ger-
manium in concentrations much greater than are found 
under equilibrium conditions. Units of the type shown 
in Fig. 1, on the other hand, are generally operated 
under conditions of low-level injection where the 
minority-carrier concentration is always small com-
pared with the impurity content. The treatment which 
is valid for the analysis of p-n junction bars must be 
modified somewhat to take into account some of the 
large signal effects which are important in fused con-
tact devices. 
The three equations of Shockley' which govern the 

flow of carriers within the volume of a semiconductor 
are written below in a form which is more convenient 
for our purpose. 

J = en(p  bn)E — eDv(p — bn), 

(drift)  (diffusion) 
(1) 

1 
DV(P  n) — AV • [(P — n)E] = [1 ± —b-]R,  (2) 

4ire 
V • E = — (p — n  N).  (3) 

Equation (1) states that a current flows because holes 
and electrons drift under the influence of an electric 
field, E, and because they diffuse in the direction of 
decreasing concentration gradient; p and n are the 
hole and electron concentrations, their mobilities being 
given by µ and biz, respectively. The diffusion constant, 
D, is related to the mobility, D = 
The steady-state distribution of electrons and holes is 

affected by the rate at which they disappear by recom-
bination as described by (2). The recombination func-

• W. Shockley. "The theory of p-n junctions in semiconductors 
and p-n junction transistors," Bell Sys. Tech. Jour., p. 451; 1949. 
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tion, R, is the rate at which volume recombination ex-
ceeds thermal generation. It depends upon hole and 
electron concentration, crystal perfection, and tempera-
ture as has been described elsewhere.7 
In the analysis of the low-level performance of junc-

tion devices, it may be assumed that R varies linearly 
with the departure of the minority-carrier concen-
tration from its equilibrium value. When very large 
numbers of holes and electrons are injected in equal 
numbers into germanium, it is again found that the re-
combination rate is linearly related to the carrier con-
centration, but with a rate constant corresponding to a 
much shorter lifetime. This lifetime, which is found to 
be in the neighborhood of 40 µsec, is the quantity 
which determines the diffusion distance for electrons and 
holes under conditions of high-level injection. The varia-
tion of lifetime with injection level is indicated in Fig. 4. 
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Fig. 4—Change in lifetime with injection level for pure 
germanium at room temperature. 
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Poisson's equation is the third relation between the 
hole and electron concentrations and the electric field. 
It states that the field strength within the crystal 
changes rapidly wherever the space charge produced by 
the excess, N, of donor impurity atoms over acceptor 
atoms is not balanced by an equal difference between the 
hole and electron concentrations. 
If the impurity content of a germanium sample is not 

balanced accurately in this way, the resulting space 
charge is sufficient to generate potentials of hundreds 
of volts in a small fraction of a millimeter. Thin blocking 
layers of this kind are created when a p-n junction is 
biased in the reverse direction, all free charge carriers 
within the layer being swept out by the high electric 
field. Elsewhere in the semiconductor, the electric field 
strength must be small because of the presence of free 
charge carriers. Poisson's equation requires that the 
electron and hole concentrations vary together in order 
to preserve space-charge neutrality. The assumption 
that the hole and electron densities change in equal 

7 R. N. Hall, "Electron-hole recombination in germanium," Phys. 
Rev., vol. 87 p. 387; 1952. 

amounts is a very good approximation and greatly 
simplifies the analysis of junction devices. 

IV. FUSED IMPURITY CONTACT RECTIFIER ANALYSIS 

Most germanium p-n junction devices consist of 
regions of uniform germanium separated by very thin 
layers within which the impurity content changes 
rapidly. It is convenient to treat each uniform region as 
a boundary value problem in the analysis of the char-
acteristics of the entire device. Electron and hole flow in 
the uniform regions is governed largely by diffusion and 
recombination, since the electric field strength is very 
small. Strong dipole fields exist in the transition layers, 
on the other hand, due to the rapid change in impurity 
content, and these dipole layers produce corresponding 
changes in the hole and electron concentrations on either 
side. 
The change in carrier concentration in going across a 

transition layer may be obtained by integrating (2), 
recognizing that recombination is negligible because of 
the small distance involved. We find the relation 

ni/n2 = P2/Pi = exp (al /kT), (4) 

where NI/ is the potential difference between sides 1 and 2 
of the dipole layer. This, of course, is the relation which 
is to be expected for particles having a Boltzmann 
energy distribution. 
Under equilibrium conditions, the concentrations are 

determined by the impurity content on each side, and 
the strength of the dipole layer may be evaluated from 
(4). The application of an external voltage to the crystal 
alters the potential difference and produces correspond-
ing changes in the carrier concentrations on each side. 
The boundary conditions of a problem together with (4) 
are sufficient to determine the hole and electron flow 
within each of the uniform regions of the device. 
The equilibrium distribution of holes and electrons in 

a fused impurity contact rectifier is indicated in Fig. 5. 
In the interior of the high-purity wafer of germanium, 
both types of carriers are present in numbers which are 
comparable with the intrinsic concentration. When n-
type material is used, the transition from n-type to 
p-type germanium takes place near the acceptor elec-
trode as indicated. The application of a voltage, V, in 
the reverse direction produces a space-charge blocking 
layer of thickness w = (VK/27relV)tI2 near the acceptor 
electrode. A small reverse current flows because this 
layer, which is usually less than a mil in thickness, 
captures all of the minority carriers which diffuse to it 
from the remainder of the germanium. For voltages 
greater than a few tenths of a volt, this component of 
the reverse current is constant. For thin wafers, it is 
equal to the product of the volume of the germanium 
wafer by the rate at which holes are generated in it by 
thermal agitation. An additional component resulting 
from surface conduction and crystal imperfections may 
become significant at high inverse voltages. An upper 
limit to the inverse voltage that a junction can support 
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i is set by the appearance of the Zener currents at a criti-
cal voltage which is inversely proportional to the impur-

i ity content of the germanium. Very high purity n-type 

X •-d X •0 

IMPURITY DISTRIBUTION 

ACCEPTOR IMPURITY CONCENTRATION 

DONOR IMPURITY CONCENTRATION 

DONORS INITIALLY PRESENT 

HOLES 
• ELECTRONS 

ELECTRON POTENTIAL ENERGY 

HOLE AND ELECTRON DISTRIBUTIONS 

X •d 

Fig. 5—Carrier distribution in fused impurity contact rectifier. 

Equation (4) relates the change in potential at each 
electrode to the carrier concentration there: 

no = ni exp (eV ‘,/ kT) 

nd = ni exp (eV d/ kT). 

A second requirement upon the boundary conditions is 
that the ratio of the concentration gradients at the two 
sides of the rectifier be equal to the mobility ratio, b. 

Vnl  =  (6) 

This relation follows because the net current density is 
everywhere the same and the flow of current across 
each side of the rectifier is due to carriers of one kind 
only. 
As explained in Section III, the recombination rate 

when large numbers of carriers are present is propor-
tional to the carrier concentration. Neglecting thermal 
generation, we may write R=n17- where r is the high-
level lifetime. Because n and p are equal, the middle 
term of (2) may be omitted, and the recombination 
equation takes the simple form. 

(5) 

v2n = n/L2, (7) 

where D=2Dr/(1+1/b). L, the high-level diffusion 
length, is about five times smaller than the equilibrium 
diffusion length for minority carriers in high-purity 
germanium. The solution to (7) which satisfies the 
boundary conditions (5) and (6) is 

(b  1) cosh(d/L) cosh(x/L) — (b — 1) sinh(d/L)sinh(x/L) e(V a + V d)  
n = ni 

-‘/(b ± 1)2 cosh4(d/L) — (b — 1)2 sinh4(d/L)  2 kT 

material is necessary for the construction of high inverse 
voltage rectifiers. 
The application of a forward voltage to the rectifier 

causes the injection of holes and electrons into the in-
terior of the germanium in equal numbers. Holes in-
jected by the acceptor electrode at x= —d are pre-
vented from entering the donor region at x=d by the 
potential hill arising from the impurity gradient there, 
and vice versa. Some flow of injected carriers into the 
opposite impurity contact is observed at high forward 

voltages as will be described later. 
The carrier concentrations nd and n„ at the donor and 

acceptor surfaces of the pure germanium are shown by 
(4) to depend exponentially upon the height of the 
potential hill between the pure germanium and the 
heavily-doped material where the carrier concentration 
is so large that it is unaffected by current flow. Most of 
the applied voltage, V, appears as a lowering of the 
potential hills at the donor and acceptor sides of the 
rectifier by amounts Vd and V.. The remainder consists 
of the internal voltage drop, V. When the rectifier 
thickness is small, this component can be made negli-

gible, as will be shown later. 

• K. B. McAfee, E. J. Ryder, W. Shockley, and M. Sparks, "Ob-
servations of Zener current in germanium p-n junctions," Phys. Rev., 
vol. 83, p. 650; 1951. 

(8) 

The current flow through the rectifier is largely ac-
counted for by the rate at which holes and electrons re-
combine within the wafer, 

J = feRdx, 
—d 

2eniL  tanh(d/L) 

7 V  

(b — 1)2 
1   tanh4(d/L) 

(b + 1)2 

X exp [e(Vo + V 0/2kT1. 

When the half-thickness of the wafer is small compared 
with L, this expression simplifies to 

2edni 
 exp (eV /2kT)  (10) 

since 

Va + Vd  V. 

(9) 

The factor of 1/2 which appears in the exponential of 
these equations distinguishes the behavior of fused 
impurity contact rectifiers from that of simple p-n 
junction rectifiers' operated under conditions of low-
level injection. 
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Forward-current data from a typical fused contact 
rectifier are shown in Fig. 6. Good agreement with 
theory is observed up to current densities of several 
hundred amperes per square centimeter. Beyond this 
point, the current increases less rapidly with voltage 
than the above theory would predict. It is believed that 
this deviation is the result of a decrease in mobility due 
to hole-electron scattering which should become im-
portant at injection levels greater than 10'7 cm-3 as is 
the case with impurity scattering. 

AM
P
E
R
E
S
 
PE
R
 
CM
 
2 

1000 

100 

10 -

0 I — 

or, 

001 

FORWARD CURRENT 

grr 
Ae 

RE VERSE CURRENT 

.2  .3 

VOLTS 

4  5  .6  7 

Fig. 6—Current-voltage characteristics of fused impurity contact rec-
tifiers at 25°C. Equation (10) fitted to the dashed line gives 

r= 38 ps for ni -= 2 X1013 cm-3 and d 0.03 cm. 

A current component due to injected carriers flowing 
over both potential hills is to be expected when the 
applied voltage is sufficiently great. This component 
should vary as exp (eV /kT) and an estimate of its 
magnitude shows that it could very well account for the 
slight rise above the theoretical curve which can be 
noticed in Fig. 6. 
A more critical test of the theory is obtained by 

measuring the rectifier characteristics over a wide range 
of temperatures. Fig. 7 shows a plot of log (J) against 
1/T for a series of forward voltages. The data are com-
pared with the corresponding curves calculated from 
(10), modified slightly to indicate the effect of thermal 
generation which is significant at low voltage and high 
temperature. Except for a leakage current at very low 
temperatures and the high-current deviations described 
above, it can be seen that the agreement is good. 
The change in carrier lifetime with injection level 

shown in Fig. 4 must be taken into account for forward 
voltages below 150 my. Low-level analysis may be used 
for the calculation of the reverse characteristic and 

the current flow for small forward voltages and yields 
the following expression for a rectifier made from an 
n-type wafer of thickness 2d : 

J = (eDni2/ N  tanh(2d/L)[exp (eV / kT) — 1]. (11) 

L, is the equilibrium diffusion length for holes in ger-
manium having an excess donor impurity content N. 
The voltage drop within the germanium, Vi, may be 

calculated by solving (1) for the electric-field strength 
and integrating. The resulting expression is cumbersome 
and since an estimate of this voltage drop is all that is 
generally required, it is sufficient to consider the special 
case b =1. 

= 4(D / sinh(d/L)[tan-' exp (d/L) — rk11.  (12) 

This expression reduces to the following simple forms 
for two limiting cases: 

V; 2(D/A)(d/ 1) 2 for d/L<<1, 

V.  OW/2w exp (d/L) for d/L>>1. 

Since the ratio D/ti is only 26 my, l, may be ne-
glected except when d/L>1. It is interesting to ob-
serve that V. does not depend upon current flow except 
at extremely high current densities where electron-hole 
scattering causes L itself to decrease. This is because 
the conductivity of the germanium is increased by car-
rier injection as rapidly as the current flow increases. 
The fused-contact rectifier construction discussed 

above has yielded units having rectification ratios as 
high as ten million. Nearly as good results may be ob-
tained when impurities which give a high recombina-
tion-rate contact, such as tin, are substituted for anti-
mony. In this case, most of the recombination of holes 
with electrons takes place at the surface of this electrode 
giving rise to a somewhat greater voltage drop at very 
high current densities and an increase in the reverse sat-
uration current:9 

V. POWER TRANSISTORS 

Fig. 3 illustrates a p-n-p transistor made by fusing 
two sets of acceptor electrodes to an n-type wafer of 
germanium to create the emitter and collector junctions. 
The base electrode on the opposite side serves as a 
source of electrons and as a means of removing heat 
from the unit. In operation, holes and electrons are in-
jected by the emitter and base electrodes as in the 
power rectifier described above. The collector, which is 
biased in the reverse direction, functions as a perfect 
sink for holes, and competes with the recombination 
processes for the holes injected by the emitter. For 
efficient transistor performance, it is important that a 
substantial fraction of the injected holes be picked up at 
the collector. In addition to having the electrodes closely 

9 A discussion of the reverse saturation current for rectifiers con-
structed in this manner was presented by J. A. Hornbeck and P. W. 
Foy at the IRE and AIEE Conference on Semiconductor Device 
Research: June. 1952. 
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spaced, it is essential that none of them be high recom-
bination-rate contacts in order that surface and volume 
recombination be kept at a minimum. 
In analyzing the performance of this type of tran-

sistor, several simplifying assumptions will be made in 
order to bring out the essential design considerations 
with a minimum of effort. Preliminary considerations 
show that best performance is to be expected when the 
wafer thickness is slightly less than the emitter-col-
lector spacing, d. These proportions provide for ade-
quate flow of holes from emitter to collector without 
the excessive volume recombination which would result 
from the use of a thick wafer of germanium. It will be 

assumed that the distribution of injected carriers in 
the germanium between the emitter and base contacts 
is reasonably uniform and that the concentration there 
is given by nd=n; exp (eV/2kT) as in (5). Since the 
carrier density must vanish at the collector electrode, 
we shall use the following expression to represent the 
distribution of holes and electrons between the collector 
and the emitter-base region a distance d away: 

sinhx/L 
n = nd   

sinhd/L 

In calculating the flow of holes into the collector con-
tact, it is necessary to take into account the reflection 

(15) 
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of electrons from this surface. Since the net flow of elec-
trons must vanish there, the electron diffusion current 
must be balanced by a drift current arising from the ac-
cumulation of a slight excess of electrons near the col-
lector electrode. Because holes are oppositely charged, 
this electric field exactly doubles the hole flow which 
would result from diffusion alone. The collector cur-
rent density is therefore 

J, = 2qDVnl d-o 

= 2qDndaL sinh(d/ L) 

Since electrons can disappear only by volume recom-
bination, the base current density is given by 

d. 

flo = f  eRdx 

eDnd 

L sinh(d/L) 

The current gain of the transistor, defined as the ratio 
of collector current to emitter current, takes the follow-
ing form, 

(16) 
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[cosh(d/L) — 1j.  (17) 

a = 2/(1 + coshd/L).  (18) 
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Fig. 8—Power-transistor characteristics. 

Since the high-level diffusion length, L, is observed to 
be roughly half a millimeter, the electrode spacings 
should be no greater than this if a reasonable current 
gain is to be attained under conditions of high-power 

operation. In actual practice, the gain will be somewhat 
less than the above formula would indicate because of 
spreading effects which were not taken into account in 
the derivation. 
The performance of a power transistor having elec-

trode spacings of 1/2 mm and a total area of one square 
centimeter is shown in Fig. 8. The collector current is 
observed to be nearly independent of collector voltage, 
as is typical for junction transistors. The current gain 
drops from 0.6 at low level to about 0.3 in the region of 
high-current operation due to the decrease in lifetime 
with injection level. The power output of this type of 
transistor is seen to be in the neighborhood of 100 w 
for class C operation and somewhat less under class A 
conditions because of the increased collector dissipation. 
The current-voltage characteristics of the emitter are 

very similar to those of a fused-contact rectifier and 
are almost unaffected by changes in the collector circuit. 
Since the emitter impedance is low and strongly de-
pendent upon emitter current, it is seldom possible to 
realize all of the available power gain which is usually 
between 10 and 20 db under full-power operating condi-
tions. 
The power transistor described above is in a very 

early stage of development. Considerable improvement 
in current gain and frequency response is to be ex-
pected when techniques are developed for applying 
closely-spaced electrode contacts to the germanium. 
Present units, with 1/2-mm electrode spacings, are 
limited to audio-frequency applications by the time 
required for injected carriers to diffuse this distance 
through the germanium. 

VI. CONCLUSIONS 

The fused impurity contact technique has made pos-
sible rectifier and transistor structures such as those 
discussed in this paper. Although the electrical con-
tacts which are produced in this manner are well suited 
to high-power applications, the same type of construc-
tion can be used effectively in the preparation of de-
vices intended for small signal operation.' 
The frequency response of the power units described 

is limited to about 20 kc by transit-time effects and by 
the out-of-phase current which arNes because carriers 
must be injected into the germanium and removed 
from it during each cycle. 
A further limitation which these units have in com-

mon with other germanium p-n junction devices comes 
from the increase in reverse saturation current with 
temperature. The performance of power rectifiers is 
particularly affected by this component of the reverse 
leakage which increases about 8 per cent per deg C. 

ii 

C YD 
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A High-Voltage, Medium-Power Rectifier* 
C. L. ROUAULTt AND 

Summary—A high-voltage germanium p-n junction rectifier re-
iulting from improved materials and techniques is described. Its 
:haracteristics are briefly delineated. A method of rating based upon 
iistribution of internal losses emphasizes versatility of this rectifier. 

DIRECT CURRENT is a necessity for a large 
number of industrial and electronic processes, 
but is not as readily obtained as might be 

iesired. To the designer of a dc power system, a number 
af methods are available: motor generator sets, dry 
plate rectifiers, mercury arc rectifiers, high-vacuum 
rectifiers, vibrators, and the like, each of which pos-
sesses certain advantages. If he were given a choice,' 
unrestricted by economics, it is quite likely that he 
would choose characteristics for an efficient ac-dc con-
verter as follows: (1) the low conducting IR drop of 
the dc machine, (2) the peak inverse voltage ratings of 
the high-vacuum rectifier, (3) the low reverse current 
of the high vacuum rectifier, (4) the mechanical sim-
plicity of the selenium stack, (5) low first cost. 
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Fig. 1—Comparative characteristics, rectifiers of 
similar forward current ratings. 

Until the advent of the germanium p-n junction rec-
tifier recently made commercially avilable, the five 
points on the "wish list" were not available in one ideal 
package. The germanium junction rectifier is not ideal, 
but its characteristics are sufficiently better in order of 
magnitude to make it appear nearly ideal by comparison 
with devices whose characteristics are shown on Fig. 1. 

• Decimal classification: R366.3 X R282.12. Original manuscript 
received by the Instit lite, August 21, 1952. This work was supported 
by the Air Materiel Command, Signal Corps, and Bureau of Ships 
under Contract AF33 (600) 17793. 

General Electric Co., Electronics Park, Syracuse, N. Y. 
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Fig. 2—Dynamic voltage and current characteestics, 
germanium junction diode Type 4JA1A-4JA2A. 

On Fig. 2 are shown the characteristics of the junction 
rectifier alone. Fig. 3 is a picture of this rectifier. 
The mechanism of the p-n junction rectifier has been 

described completely elsewhere in the literature,' so 
no further description will be undertaken. 

Fig. 3—Germanium power rectifie. Type JA-2A. 

This rectifier exemplifies to a high degree of precision 
the characteristics obtainable in a controlled p-n junc-
tion made by the fused impurity contact method.2 In 
fact, the correlation between the theoretical perform-
ance and that actually obtained over a substantial man-
ufacturing run is so good that units of greater ratings 
than those described in this paper may be projected 

with confidence. 

I W. Shockley, "Electrons and Holes in Semi-Conductors," D. 
Van Nostrand Co., Inc., New York, N. Y.; 1950. 

2 C. W. Dunlap and R. N. Hall, "PN junctions prepared by im-
purity diffusion," letter to Phys. Rev., p. 467; 1950. 
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The characteristics shown in Fig. 2 show a reverse 
current, I, which is a significant improvement over 
previous junction rectifiers made on a small-scale basis. 
Rectifier cells are still selected on the basis of Zener 
breakdown voltage in the reverse direction, but now the 
yield of 600 volts (and over) units is economically sig-
nificant. 
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Fig. 4—Temperature characteristics, germanium 
junction diode Type JA-1A. 

The variations in forward characteristic are very small 
compared to those in the reverse direction. This is one 
of the scientifically gratifying results of the improve-
ment in manufacturing techniques during the past year, 
for the theory of the junction rectifier predicts that there 
should be little relation between these characteristics 
when units are processed from equivalent materials. 
The variations noted are primarily the result of process 
imperfections which are more or less inherent at the 
present time. 

The variations in forward voltage drop is so small that 
parallel operation is no problem of consequence. The 
current differences in the back direction for the same 
grade of rectifier are quite small, so that units may be 
coupled in series with a modest sacrifice in gross peak 
inverse voltage rating. 

Germanium, like other semiconductor materials, pos-
sesses a substantial negative temperature resistance 
coefficient which imposes a limitation on maximum op-
erating temperate. At a temperature well under 100°C, 
the semiconductor properties of germanium are de-
graded, so that for practical purposes a temperature at 
the junction of 75°C should not be exceeded. In Fig. 4 
a typical temperature characteristic of a typical ger-
manium junction rectifier is given. 
The power-handling capability is determined by the 

internal losses which cause self heating above the ambi-
ent temperature. This self heating may be expressed as 
follows: 

p,  112  2 
f  rfifdj-l- — ?,.4d1= Ff-1- Pr, 

T 0 T 112 

Pf= power dissipated in forward direction, 
Pr= power dissipated in reverse direction, 
Pi= power dissipated internally, per cycle, 
= forward voltage drop, 

If= forward current, 
V,= reverse voltage drop, 
I,= reverse current. 
For a given internal dissipation, then, one may ex-

pend the losses P, and Pf as follows: 

1. Pf Pr. Medium voltage, medium current applica-
tion, receiver, and general purpose power supplies, and 
the like. 
2. Pf>>P,.. Low voltage, high current applications; 

filament supplies, battery chargers, and the like. 
3. Pi<<P„. High voltage, low current, applications; 

instrument rectifiers, potential devices, and the like. 
These three cases illustrate the versatility of this 

junction rectifier. 
If we limit the reverse current to a predetermined safe 

value, and the temperature within the limits cited, we 
may define a power-transmission characteristic given in 
Fig. 5. 
The implication of Fig. 5 is that we may tolerate a 

lower peak inverse voltage rating, increased back cur-
rent, and still have a very efficient rectifier for low-
voltage, high-current requirements, or any intermediate 
condition of voltages and currents up to Zener break-
down and within the maximum temperature limitation. 
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Fig. 5—Power capability characteristics, germanium 
junction Type 4JA1A unfinned 25° C. 

Since the primary limitation on power handling ca-
pability is of thermal nature, the effects of overloading are 
important. Repeated overloads on test units have 
shown that unless the overload results in fusion of a con-
stituent part that relief of the overload restores the 
device to normal operation. The self heating cannot al-

3 0 
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ways be depended upon, but is the normal case. 
When cooling fins, or other means of cooling, are 

employed to increase the rate of heat transfer to the 
surrounding sink, the ratings shown may be markedly 
increased; but note that a reduction in temperature in-
creases the forward drop, and hence increases the for-
ward losses. For the same reason, the reverse current 
decreases so that an increase in power transmission 
capabilities by means of additional cooling may be 
accompanied by a slight reduction in efficiency, de-
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Fig. 6—Characteristics, germanium junction diode Type JA-1A. 

pending upon the distribution of internal losses. In the 
rectifiers we are discussing, a small portion of the for-
ward drop is due to the ohmic nature of the contacts 

200Y 1  —1---

300•4 

400v - • 

500v • 

600v • • • 

rather than the rectifying junction. These general char-
acteristics are shown in Fig. 6. 
A rectifier of low forward resistance and high back re-

sistance is of interest not only in the power rectification 
field, but over the general frequency spectrum as a 
limiter, clamper, and the like. Certain energy storage 
effects definitely restrict the usefulness in pulse circuits, 
but these effects may be reduced somewhat by proper 
circuitry. The sine-wave response, however, is good up 
to frequencies on the order of 100 kc, as shown by the 
rectification efficiency plot given in Fig. 7. 
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Fig. 7—Frequency response, germanium junction diode Type JA-1A. 

While this paper described a specific rectifier of mod-
est power ratings, it is planned to cover the power recti-
fier field with units of increased rating commensurate 
with the application. 

Application of Transistors to High-Voltage 
Low-Current Supplies* 

G. W. BRYAN, JR:t 

Summary —A battery-powered, high-voltage, low-current supply 
is described, which utilizes a transistor as an oscillator. Significant 
savings in weight and power are realized. 

/
N THE DESIGN of portable, battery-operated  
radiac instruments, it is often necessary to use 
rather high voltages at low currents. Instruments 

such as Geiger counters, ionization chambers, and 
scintillation counters require voltages ranging up to 
1,000 volts or more. The current drain is usually very 
small, seldom exceeding 5-10 ga. Voltages and currents 
of the magnitude mentioned may be readily obtained 

* Decimal classification: R282.12. Original manuscript received 
I by the Institute, July 11, 1952. 

t Signal Corps Engineering Laboratories, Fort Monmouth, N. J. 

from batteries, but their size and weight are excessive. 
For instance, a 900-volt battery pack of a type com-
monly used in portable Geiger counter instruments 
weighs approximately 21, pounds and occupies a space of 
roughly 60 cubic inches. Other sources of high voltage at 
low currents include vibrator, radio-frequency, and 
blocking oscillator supplies. These types require an input 
power from 0.1 to 0.3 watt, including filament and 
plate power. In general, the three last-mentioned types 
of power sources have low efficiency even when maxi-
mum power is taken by the load. However, in the case 
of ionization chambers and Geiger counters, with the 
exception of some halogen-filled types, the power re-
quired from the high-voltage supply seldom exceeds 
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200 1.4w. It is therefore apparent that a great deal of 
efficiency is lost in the applications mentioned because 
of the extremely light loading. In the oscillator type of 
supply, filament power alone may run as high as 0.1 
watt. Since battery life and weight are directly related, 
it is usually necessary to compromise one for the other. 
In view of the above, and in an attempt to circum-

vent some of the undesirable characteristics of the 
high-voltage sources mentioned, an investigation was 
made of the possibility of utilizing the transistor as an 
oscillator in a high-voltage supply. The transistor is an 
attractive device since it requires no filament power and 
will operate at very low voltage and input current. 
A number of the "point contact" transistors type 

R, 

• 

F3-1- za  13- 14V  

Fig. 1 

1768 were arranged first in the familiar Hartley oscil-
lator circuit (see Fig. 1). As may be seen in Fig. 1, the 
transformer Ti determines the frequency of oscillation, 
and is arranged to supply the necessary in phase feed-
back to the emitter. Winding L3 serves as the high-
voltage winding. The rectifier VI is a Victoreen type 
5799 high-voltage diode, having a 10-ma filament. Base 
bias was used in the transistor circuit since this permits 
operation from a single battery. The circuit was found 
to oscillate easily at an input of 22.5 volts. However, in 
order to obtain an output voltage of 500 volts at 1 tta 
from the rectifier circuit, it was necessary to run the in-
put current up to approximately 9 ma. Thus the power 
taken from the batteries amounted to 212 mw. This 
included filament power for the rectifier. Although the 
input compared favorably with vacuum-tube circuits, 
this circuit afforded no improvement in efficiency. 
Since the aim was to decrease the average input 

power, it was decided to place the transistor in a relaxa-
tion oscillator circuit and utilize the "flyback" principle 
of operation (see. Fig. 2). The waveform of the oscil-
lator is a sawtooth and the flyback of this wave is used 
to shock excite the high-voltage transformer Ti pri-
mary. 

As may be seen in Fig. 2, base bias is used as in the 
first arrangement. The base-bias resistor R2 has a nega-
tive temperature coefficient. A thertnistor or varistor 
having a resistance of approximately 1,000 ohms at 
70° F may be used. The nonlinear resistance allows 
both a high starting bias which drops rapidly as the 
operating current flows and easier starting at low bat-
tery potentials. However, a fixed resistance may be 
used if a value is chosen that allows the circuit to start 
oscillating easily and which maintains as low an average 
input power as possible. A suggested value would be 600 
ohms. In-phase feedback between collector and emit-
ter is obtained through capacitor CI and the primary 
of transformer Tl. The repetition rate of the sawtooth 
oscillations is determined primarily by R3, Cl, and RI 
in parallel with the emitter impedance. R3 is made vari-
able, and therefore controls the high-voltage output. At 
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a, 
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an output voltage of 500 volts and at a current of 1 µa 
the input measured 12 volts at 3 ma. Total input power 
including the rectifier • filament amounted to approxi-
mately 48 mw. In order to determine the relative effi-
ciency of various transistors under identical circuit con-
ditions, 30 units were checked and the input power 
measured. The average input was 'found to be 33 mw. 
The greatest deviation from the average was ±25 per 
cent, or approximately 25 mw for the most efficient unit 
and 41.8 mw for the least efficient unit. 
The unit described here was designed to supply a 

sweep-out potential in a 600-cubic cm ionization 
chamber capable of measuring rates as high as 500 
roentgens per hour. In this application, the high-voltage 
regulation was adequate. However, the supply described 
is inherently a high-impedance source of voltage since 
the apparent impedance is, among other things, a func-
tion of the oscillator repetition rate as in other pulse-
type high voltage supplies. 
If a higher degree of regulation is required in a par-

ticular application to compensate for changes in bat-



c̀ 1952  Bryan: Application of Transistors to High-Voltage Low-Current Supplies 1523 

tery supply voltage or load current, a corona voltage 
regulator should be placed in shunt with the high-
voltage output circuit. 
The . weight of the transistor supply is about 31 

ounces. The space occupied is 4 cubic inches (see Fig. 3). 

Fig. 3—Shows relative size of 500-volt transistor poNA er supply 
as compared to a 300-volt battery. 

1000 00 

01 
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Fig. 4 

A second transistor supply was designed to supply 
920 volts at 5 pLa. The circuit is essentially the same, 
with the exception of the base bias which was found un-
desirable at higher input voltages (see Figs. 4 and 5). 

Both supplies were designed to have a negative out-
put polarity; therefore the rectifier filament is at ground 
potential and a battery is used to supply filament volt-
age. However, if a positive high-voltage output is re-
quired, a filament winding may be put on the high-
voltage transformer in order to obtain filament excita-
tion at a high-voltage above ground. 

Fig. 5—Shows size of the 920 volt, regulated supply as 
compared to a 900-volt battery pack. 

The high-voltage transformer Ti is equivalent to an 
audio output transformer having an impedance ratio of 
8 ohms to 4,000 ohms. A suitable high-voltage trans-
former may be constructed according to the following 

specifications: 
1. Core material—Allegheny Ludlum Type A Silicon 

steel or equivalent. 
2. Core dimensions-3/16 X3/16 X2 inches long. 
Lamination thickness 0.014 inch. 

3. Primary coil-186 turns #25 Formex wound in 4 
layers. Winding length 1 inch. 

4. Secondary coil-11,000 turns #41 Formex wound 
in 40 layers. Winding length 11 inches. Layer in-
sulation 0.0005. Kraft paper. 

CONCLUSIONS 

A circuit was designed which utilizes the point-con-
tact transistor as an oscillator in a high-voltage, low-
current power supply. Such a supply offers the ad-
vantages of small size, light weight, and decreased bat-
tery drain, which is of great importance in portable 
radiac instrument design, as well as other applications 
where high voltages at low currents are required. 

1 
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Printed Circuitry for Transistors* 
S. F. DANK0t, MEMBER, IRE AND R. A. GER1101,I)t, MEMBER, IRE 

Summary—The current transistor development activity is being 
complemented by development of new families of subminiature com-
ponents. Assembly of such minute parts by conventional hand-wiring 
techniques poses serious physical and economic production problems. 
The auto-sembly printed circuit system is presented as a simple, 
effective, and compatible approach to the fabrication of compact tran-
sistor circuits. Auto-sembly offers error-free, low-cost, high-produc-
tion assembly lines with low demands on tooling and background 
"know-how." 

I. INTRODUCTION 

THE continually expanding applications of elec-
tronics in military and industrial operations has 

  placed great emphasis on the miniaturization of 
equipment to reduce bulk and weight. The simplest and 
most obvious approach to such miniaturization involves 
the elimination of waste space and encroachment on the 
space usually allowed for the construction and subse-
quent maintenance of the equipment. Though effective 
in many instances, this miniaturization approach in-
troduces new problems of high temperature and costly 
construction. Such problems are further aggravated 
when additional size reductions are sought using smaller 
high-temperature quality components. Very substantial 
relief on the equipment temperature-rise problem is now 
promised by the transistor which, because of its low-
heat generation and low-energy levels of operation of 
the associated components, reduces by several decades 
the amount of heat that must be dissipated. 
Such miniaturization using transistors and other 

minute components introduces a critical fabrication 
problem involving physical manipulation, wiring, and 
solder assembly of subminiature components. Conven-
tional hand-wiring approach to assembly of such small 
transistor circuits is tedious, slow, and costly, and is nat-
urally conducive to high rejection in production due to 
wiring errors, accidental short-circuits, and other pro-
duction pitfalls characteristic of such finely detailed 
work. 
As a first step to facilitate production and subse-

quent maintenance, the principle of unitization is em-
ployed whereby a complex equipment is divided into 
units of small size and lesser complexity. However, sub-
miniaturization of even these smaller units is difficult 
on a production basis using conventional hand wiring 
and soldering of individual components. Printed cir-
cuitry (or more properly "prefabricated wiring") offers 
a simple yet effective solution to these difficulties. 
The treatment of printed circuits devised by the Signal 
Corps Engineering Laboratories and termed "auto-
sembly" (see Fig. 1) is considered to offer particular ad-
vantages in transistor circuit applications since it is a 
production technique realistically suited to assembly of 

• Decimal classification: R282.12 X R361.218. Original manu-
script received by the Institute, July 10, 1952. 
f Signal Corps Engineering Laboratories, Fort Monmouth, N. J. 

small complex circuits using miniature components, yet 
demanding no manipulative skill or training of as-
sembly personnel. 

II. AUTO-SEMBLY 

As illustrated in Fig. 1, auto-sembly involves the use 
of a prefabricated (printed circuit) pattern prepared on 
an insulating base, which is perforated at various 
points where component leads are to be joined to the 
pattern. Conventional JAN or special subminiature 
components, including the transistor, are inserted into 
these perforations from the blank side of the chassis, 
and the pattern side is then momentarily touched to a 
molten solder bath to effect a "one-shot" mass solder-
ing operation joining each component lead to the pat-
tern. 
The details of these operations are as follows: 
(1) Conductive Pattern: In the laboratory, the I 

simplest technique of forming a good conductive pat-
tern is through the etching of commercially available 
copper-clad plastic laminates. In this technique, the 
pattern desired is screened on to the copper surface 
using etch-resistant ink (resist); in the subsequent 
etching operation in 50-per cent solution of ferric 
chloride, the copper not protected by the ink is etched 
out leaving the remaining protected copper delineated 
in the pattern desired. Such patterns can be prepared 
on various grades of phenolic, melamine, teflon, silicone, 
polystyrene, polyesters, and epoxy to suit particular 
physical and electrical circuit requirements. In mass 
production a similar technique using offset presses for 
the printing of the etch resistant ink is employed to ' 
yield patterns in mass quantities (Fig. 2). Photographic 
methods of preparing the etching resist are also very 
commonly used. Stamping and pressed-powder deposi-
tion techniques also yield highly conductive and solder-
able patterns. 

(2) Components: For Service „applications, no com-
promise in reliability can be tolerated in any miniatur-
ization approach. The use of standard JAN components 
or other separately fabricated components of known 
and proven quality is consistent with this reliability ob-
jective. \Vhere commercially available packaged com-
binations of "printed" resistors and capacitors meet per-
formance and reliability requirements of the equipment, 
such combinations may be advantageously used with the 
conventional components to effect additional size and 
weight reduction. 

(3) Assembly: Solder dipping of patterns has been 
established in production as a practical and effective 
means of mass assembly of auto-sembly circuitry. Al-
though variations in fluxes and solder compositions are 
employed in different locations, in general the flux con-
sists of an activated rosin-alcohol solution combined 
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STEP I 

STEP 4 

STEP 3 

STEP STEP 5 

Fig. 1—Process steps in auto-sembly fabrication using etched circuitry. Step 1—Copper surface (foil laminated to plastic 
Conductor pattern outlined with acid-resistant ink. Step 3—Etched metal-plastic laminate with resist removed. Step 
after perforation. Step 5—Underside of chassis after component mounting and solder-dip assembly. Step 6—Top side 
ing component layout. 

with an oil or wax dissolved in an appropriate solvent; 
63-37-per cent (eutectic) tin-lead solder maintained at 
about 450° F is used as the dipping bath. 

111111111111111 

Fig. 2 -Printed multipattern sheet prior to etching and 
division into individual cards. 

chassis). Step 2-
4—Plastic chassis 
of assembly show-

III. HEAT DISSIPATION 

As smaller and smaller components are used in 
equipments and the equipments themselves are made 
more compact, a limit to the degree of miniaturization 
tends to be set by the cooling problem; that is, the prob-
lem of transferring the heat generated by the circuit 
elements to some outside heat sink begins to assume 
major proportions. For a given circuit, power dissipa-
tion in watts per square inch at the surface increases 
as size is reduced. Above approximately 1 watt per 
square inch, simple radiation and free convection cool-
ing are no longer adequate. This condition is further 
aggravated by having other units of the same equip-
ment mounted in close proximity to each other so 
that each unit package is effectively placed in an 
ambient temperature that is considerably higher than 
the external ambient for the completed equipment. This 
situation necessitates auxiliary means of cooling, such as 
forced air, liquid cooling with a heat exchanger, evapo-
rative cooling, and so on. It is the additional size, power 
requirements, and complexity introduced by such auxil-
iary cooling means which serve to limit the degree and 
effectiveness of a particular miniaturization effort. 
The prime variable to which the equipment engineer 

must direct his attention is the total power dissipation 
of the circuit. It is here that the transistor can make its 
greatest contribution. With a total power dissipation 
several orders of magnitude lower than that of the elec-
tron tube, the transistor permits a degree of miniaturiza-
tion which was hitherto unobtainable where heat-dis-
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Fig. 3—Bell Telephone Laboratories auto-sembled transistor packages. 

sipating elements were involved. From a thermal-design 
standpoint, the transistor is also an active element. The 
small size of the transistor results in a rate of heat dis-
sipation at its surface (in terms of watts per square inch) 
which still equals or exceeds that of many subminiature 
tubes. Proper consideration must therefore be given the 
heat dissipation from the transistor in any particular 
circuit subassembly. In essence, substitution of tran-
sistor circuitry for subminiature tubes (assuming 
equivalent, electrical performance characteristics or 
compensating advantages) will obviate the cooling 
problem in a given subassembly. Conversely, ad-
vantage may be taken of this fact to permit redesign for 
greater miniaturization as long as the heat problem 
does not again assume a controlling position. 

IV. A vro-SEm B LED TRANSISTOR APPLICATIONS 

Fig. 3 shows a series of computer packages designed 
and assembled by Bell Telephone Laboratories under a 
Signal Corps sponsored research and development. 
Auto-sembly was selected for these packages as being 
particularly applicable to fabrication of the compact 
circuitry desired while permitting the use of subminia-
ture components of conventional type and of proven 
performance and reliability. Also the ease with which 
transistors, diodes, and other special components could 
be integrated into the packages by auto-sembly was of 
paramount importance. The etched-foil prefabricated 
conductor pattern is shown in many of the views of the 
lower row which are the backs of the corresponding 
units above. Enlarged view of one of these circuits (a 
transistor binary counter) is shown in Fig. 4; two 

transistors and a central diode are located at the end 
opposite the plug. 

It may be noted that the Bell Laboratories' packages 
were cast in resin for purposes of protection and ease 
of visual examination and display. One disadvantage of I 

Fig. 4—Enlarged view of a Bell Telephone 
Laboratories binary counter. 

1 
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isting resin, particularly for portable equipments, is 
lat it adds considerable weight. The approach pres-
atly being investigated at the Signal Corps En-
. ineering Laboratories involves dip coating with a suit-
oble thermo-setting resin which will provide the required 

-• 

Fig. 5—Two-transistor stabilized binary counter, auto-sembled 
at the Signal Corps Engineering Laboratories. 

noisture protection. The assembly of subminiature corn-
)onents on the prefabricated circuit base has been 
ound to be sufficiently rugged with regard to shock and 
ribration. The addition of resin coating will provide 
ncreased rigidity for these components. 

Fig. 6—Back view of binary counter of Fig. 5. 

Figs. 5 and 6 show a similar type package, an experi-
mental stabilized general-purpose, two-transistor binary 
counter, auto-sembled at the Signal Corps Engineering 
Laboratories using two plug-in point-contact Western 
Electric transistors. The circuit is describe& by Trent 

I R. L. Trent, "The Transistor," Bell Telephone Laboratories, 
Murray Hill, N. J . Selected reference material on characteristics and 
applications, Signal Corps Contract DA 36-039 SC-5589 (Task 3); 

tif November 15, 1951. 

of Bell Telephone Laboratories. The simplicity and 
compactness of the assembly are readily apparent. It 
may also be noted in this instance that the ultimate 
in miniaturization was not effected. Obvious oppor-
tunity exists to reduce the size still further by utilizing 
two shorter cards of prefabricated circuitry with the 
resistors and diodes on each card staggered opposite 
each other in the upper portion of the assembly. Thus 
the subassembly might readily be foreshortened by 
some 25 per cent over the model shown. The frame of 
this package facilitates insertion and withdrawal from 
the equipment. Protection against dirt and moisture is 
provided by a thin coating of a thermosetting resin. 
For assemblies of greater complexity, the auto-

sembly technique of successive "decking" permits the 
fabrication of an extremely compact unit without the 
myriad difficulties that beset conventional hand-wired 
production of such items. Fig. 7, a subminiature video 

Fig. 7—Crystal video receiver using successive decking technique. 

receiver using tubes, is an illustration of this decking 
technique. The central machined cylinder serves as tube 
shield and thermal conductor. An appreciation of the 
deck technique itself may be had by considering the 
exploded view (Fig. 8). The tubes and associated com-
ponents are first assembled and dip soldered to their 
respective decks of circuitry. These assembled decks are 
then inserted into the succeeding decks and soldered 
with the individual components that mount on those 
decks. This particular assembly employs four dual 
triode subminiature tubes and 31 components including 
a delay line in a package 11 inches in diameter and 31 
inches long. The further size advantage of at least a 
third which could be gained by the substitution of 
transistors for the tubes in such a circuit is obvious. 
A decade counter consisting of 63 components auto-

;•1 
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t Pp 
latime 

Fig. 8—Exploded view of video receiver of Fig. 7. 

sembled on one deck is illustrated in Fig. 9. This 
counter uses four subminiature twin triodes and a heat 
collector plate (not shown) which are mounted on a 
second deck above the component card, roughly 
doubling the volume of the counter. Here again almost 
40-per cent saving in the over-all volume could be 
effected by using transistors mounted on the lower deck 
with the other components, thus eliminating the need 
for a tube deck entirely. 

Fig. 9—Auto-sembled decade counter less tuhe deck. 

V. ASSEMBLY ADVANTAGES OF THE TRANSISTOR 
AND ASSOCIATED COMPONENTS 

Transistors are extremely rugged as regards shock, 
vibration, and microphonics. In addition, while no 
positive statements are being made as to the ultimate 
life expectancy of the transistor, extrapolation of aging 
curves are reported to indicate a life of the order of 
75,000 to 100,000 hours. With promise of such per-
formance, the need for sockets to facilitate transistor 
replacement may well be eliminated and transistors 
may be auto-sembled directly to the conductor pat-
tern in the same manner as the other accepted long-life 
components. 

The distinctive circuit requirements of the transistor 
are in turn leading to the development of a specialized 
family of components. The physical sizes of such com-
ponents can only be discussed in terms of desired objec-
tives at this time,but very substantial size reductions are 
expected in view of the low voltage (50 volts or less) and 
low current (a few milliamperes) circuit requirements. 
The problems of manipulation, mounting, and assembly 
of such ultra-small components into circuits will be 
fully considered in establishing the actual physical de-
sign of the component and its terminations. 
Transistor circuitry appears to pose no particular 

problem in laving out the conductive pattern since cur-
rents and voltages are low and frequencies of operation 
are limited to about 20-mc maximum. Auto-sembled cir-
cuits operating at voltages up to 300 volts, at frequen-
cies of several hundred megacycles, and at currents up 
to 5 amperes (with reasonable conductor dimensions) 
have been successfully fabricated; accordingly, no pecu-
liar problems are expected in the transistor applica-
tions of auto-sembly. 

VI. CONCLUSIONS 

The transistor and the anticipated transistor family 
of components presage new concepts and new tech-
niques in production fabrication of circuitry. The com-
patible auto-sembly approach, with its extreme flexi-
bility in application and simplicit.5, in operation, offers a 
new production philosophy which will lead to lower cost, 
lower maintenance skills, and higher production benefits 
both for the military and the industrial electronic in-
dustry. 
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Transistors in Airborne Equipment* 
0. M . STUETZERt, ASSOCIATE, IRE 

Summary—Discussed in this paper are methods and results of a 
mmitheoretical survey made to estimate what would be gained at the 
iresent state of the art by using transistors instead of tubes in stand-
rd airborne equipment. 

— 

THE PROBLEM 

C OME MONTHS AGO transistor types became 
available with performance tolerances not in-
ferior to unselected vacuum tubes. From an 

exciting toy the transistor had developed into a tech-
nical device. 
Several properties make this device especially attrac-

tive as an active element in airborne equipment. Its size 
0.001 to 0.02 cubic inches) is one to two orders of mag-
nitude below that of the presently used vacuum tubes, 
and so is its weight. Even the point-contact types 
stand shocks of several thousand g, and vibrations of 
100 g do not affect them. The average life is 70,000 
hours, and for junction types this figure will surely be 
exceeded. Considerable savings in power requirements 
cut down the dreaded heat dissipation in equipment. 
In this situation a survey seems to be in order of what 

advantages and savings we could expect at the present 
time by using transistors instead of tubes in all possible 
places in airborne equipment. ("Transistorisation.") 
This paper intends to report methods and results of 

such an analysis without going into details, which are 
admitted to be controversial in some cases. The results, 
covering only the present situation, are necessarily of 

limited importance. 

LINIITATIONS OF APPLICATION 

The discussion is based on the Bell Telephone Labora-
tories' transistor types listed in Table I. The values 
mentioned are averages, and are applicable only for one 

TABLE I 

PRESENTLY AVAILABLE OR ANNOUNCED TEC:UNICA'. TRANSISTORS 

Type 

- -
51689 
1698 

1725 
1729 

1734 

1752 

Special I R.. R.... 
application I (ohm-

Switching 
Low voltage 
operation 
Gen purpo., 
(Video 
High-speed 
!Itiwitching. IF 
Audio 

1768 Low drain 

son 

200 

200 

200 

10,000 

g,000 

15,000 

10, 

ISO  7,000 

I Noise Gain I (,toff 
"  (dh) (mcps) (dl)) 

1 5-2 
2.2 

2.5 

2.4 

18  3 

20 

20 
45 

5 

20 

21 I 

48 

54 

15 

43 

PN-
junction, 
polarities 
'reversed 

• Decimal classificat ion : R282.12 X R560. Original manuscript re-
ceived by the Institute, June 30, 1952. Presented at National Con-

, Terence on Airborne Electronics, Dayton, Ohio, May 12, 1952. 
t Components and Systems Laboratories, Wright Air Develop-

,/ ment Center, Dayton, Ohio. 

certain method of operation. Impedance and cutoff fre-
quency tolerances are 30 per cent, those of the current 
gain 20 per cent, and noise figures stay within 3 db. 
Aside from the limitations in frequency response and 

noise behavior, it has to be remembered that above 
80°C the germanium devices cease to function properly. 
The power-handling capacity of the transistors in Table 
I is about 100 mw in class A operation, and about 400 
mw in class B; 3 watts peak are delivered by the switch-
ing units. 
For transistorization of equipment it must be kept in 

mind that transistors cannot simply replace tubes in a 
given system; the system using tubes must be replaced 
by a system using transistors. There is at present no 
sufficient number of personnel available possessing the 
experience and skill to attempt this task for the whole 
airborne equipment complex. For the present estimate 
we have to use the present vacuum-tube stages as sys-
tem blocks and analyze how many of these can be re-
placed by transistor blocks performing the same func-
tion. This procedure will not give the optimum possible. 

ANALYSIS OF AIRBORNE EQUIPMENT STAGES 

Counting stages with dual-purpose tubes twice, it 
was possible to obtain the following figures of each 

category, as shown in Table II. 

TABLE II 

PERCENTAGE OF STAGES SUITABLE. FOR TRANSISTORIZATION 

Communication and navigation equipment 
Fire-control equipment 
Radar equipment 
Special equipment 

52 % 
72 % 
40% 

Weighted average  54% 

This means only that the above percentage of tubes 
have functions for the performance of which the above-
mentioned transistor types would be sufficient. 
It does not imply that in all these cases each tube 

stage could be replaced with just one transistor stage. 
In some cases the transistor circuitry involved would be 
unreasonably complicated, in other cases the operation 
of the transistor would be very critical. Examples are 
stages in close proximity to high-dissipation tubes, 
stages working close to the frequency cutoff of present 
transistors, or medium-frequency preamplifier stages. 
A closer study of one representative example out of 

each equipment category shows that, to take account of 
these difficulties, the above figure of 54 per cent should 
be reduced to 40 per cent of the stages. For these, 
transistorization would be technically sound at present. 
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SAVINGS THROUGH TRANSISTORIZATION 

With 40 per cent of the equipment stages transistor-
ized, the limit for savings possible at present would be 
40 per cent in size and weight, to be reached only if 
transistor stages are negligibly small and lightweight 
compared with the present stages. This, although some-
times assumed, is not the case. 
Table III gives some figures of representative char-

acteristic values for "average" stages, obtained by 
averaging a number of samples selected at random. 
The most suitable components obtainable at present 
were used for transistor stages. 

TABLE III 

AVERAGE DATA FOR TUBE AND TRANSISTOR STAGES 

Stage containing Weight 

Standard tube 
Miniature tube 
Subminiature tube 
Transistor 

120 g 
55 g 
35 g 
IS g 

Size Power 
required 

200 ccm 
60 ccm 
40 ccm 
10 ccm 

3  watts 
2.5 watts 
2 watts 
.2 watts 

Average life at room temp 

in light on ground 

100 hours 5,000 hours 
100 hours 5,000 hours 
500 hours 5,000 hours 

75,000 hours 75,000 hours 

The weight and size figures are for components only; 
racks, cables, blowers, and the like are not included. 
The in-flight life data' for vacuum tubes, depressing as 
they may look, are rather optimistic. 
Weight, size, and power figures for transistor stages 

will be recognized to be much more unfavorable than 
basically required. They reflect the fact that in actual 
transistor circuits the theoretical optimum is very rarely 
reached. As an example, power and components have 
to be given away to approximate the constant current 
bias source required for the emitter in amplification 
circuits. Or, the basic oscillator circuit uses only four 
components. For an audio oscillator with low power 
drain and prescribed generator impedance, 8 com-
ponents are needed. 
It is not surprising that the figures, being averages, 

are found to be half an order of magnitude wrong in 
special cases. 
The figures can now be used to estimate the savings 

obtainable in military airplanes with "average" equip-
ment. Table IV gives the results. It shows that the sav-
ings in size will be larger than those in weight. 

TABLE IV 

AVERAGE SAVINGS BY TRANSISTORIZATION 

Weight Size 

Standard stages 
Miniature stages 
Subminiature stages 
Weighted average 

35% 
30% 
22% 
28% 

38% 
33% 
30% 
33% 

The figures are a little optimistic due to the fact that 
the few final power stages containing large tubes (e.g., 
magnetrons) are not included in our average data. An 
estimate shows, however, that the effect is small, the 
number of tubes in an average airplane being very large. 

' Oral communication by L. L. Gibbs. 

Of much greater importance seems to be that racks 
cables, and wiring do not seem to reduce at the same 
rate as the components with the presently availabli 
materials. Although only very tentative figures could be 
collected on the size and weight of racks and wiring, ii 
is believed that the results in Table IV are finally re. 
duced to about 20-per cent savings in weight and 2: 
per cent in size. 
The savings in power to be furnished or dissipated are 

easily estimated from Table III. It is roughly the num. 
ber of stages transistorized times 2.5 watts. Welcome 
as this may be, it does not mean too much if we keep in 
mind that the power stages will be unaffected by trans-
istorization and that inverters work with about 20-per 
cent efficiency. Thus, the batteries and generators in a 
plane will not change appreciably. However, in such 
parts of the equipment, where the transistors are in the 
majority, the cooling problem will be substantially al-
leviated. 
A substantial and important saving becomes obvious 

when we consider the lifetime figures: The failures in a 
given time should be reduced by almost 40 per cent. 
This higher reliability will cause corresponding savings 
in maintenance. 

CONCLUSIONS 

A semitheoretical survey shows that with present 
transistors and components conventional airborne 
equipment could be reduced about 20 per cent in size, 
25 per cent in weight, and would have 40 per cent fewer 
failures. 

These are average values. For certain types of equip-
ment they will be radically different. So they would be 
much more favorable for data link systems using com-
puter technique. For guided missiles, on the other hand, 
the necessary refrigeration and the influence of cosmic 
rays darkens the picture. 

The savings obtainable at present are quite sub-
stantial; still they are somewhat short of certain expec- . 
tations arrived at from the performance figures of the 
transistor alone. This is, of course, due to the dominant 
influence of the remaining vacuum-tube stages. The 
more the device will be improved in the future to take 
over from vacuum tubes, the mare rapidly the present 
picture will change in favor of transistorization. Another 
important contribution will be made by components to 
be developed especially for use in transistor circuits. 
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Transistor Trigger Circuits* 
A. W. LOt, ASSOCIATE, IRE 

Summary—This paper concerns trigger and pulse circuits for 
•ansistors having emitter-to-collector current gain (such as point-
contact units). The circuits are designed to permit reliable operation 
4th transistors which are not completely uniform; they also allow 
sasonable variation of circuit parameters or bias voltages. Quantita-
ve analysis is made possible by use of simplified circuit theory which 
ivides the nonlinear characteristic of a transistor and its associated 
tedback and external resistances into quasi-linear regions. By this 
nalysis, one can predict both the type of operation, i.e., monostable, 
istable, and astable (oscillatory), and the amplitude and waveform of 
he output. 
A basic monostable circuit consists of a single transistor with a 

esistance in the base lead to provide feedback and a capacitance or, 
referably, a transmission line as the emitter load. This circuit can 
.e used to regenerate periodic or nonperiodic pulses, thereby provid-

ig a standardized output pulse shape, or to generate single pulses 
then initiated; it is possible to provide very intense short pulses (up 
o one ampere) even with transistors of low power-handling ability. 
7he output pulses may be arbitrarily delayed with respect to the in-
et, and amplitude discrimination against noise or spurious signals is 

lso possible. 
Bistable circuits also use a single transistor with external re-

istances. It is shown that lack of reliability of previously used bi-
table single-transistot circuits can be overcome by proper arrange-
nent of circuit parameters and bias supplies and, in some cases, by 
we of a nonlinear resistance (crystal diode) as the emitter load. 
-aboratory experience indicates that such single-transistor circuits 
an be made highly reliable and will allow interchangeability of 
ransistors and reasonable variations in power supplies, and so on. In 
hese respects, they have been made superior even to earlier twin-
ransistor bistable circuits in which reliability had been emphasized. 
k small, light-weight decade counter was designed with these single-
ransistor bistable circuits; it uses less than 2 watts of power in con-
Tast to a well-designed electron-tube counter which needs 60 watts, 
nes twice as many amplifier elements, and requires considerably 

nore weight and space. 

INTRODUCTION 

C
IRCUITS EMPLOYING a single point-contact 
transistor (or other transistor with emitter-to-
collector current gain greater than unity) to-

gether with passive circuit elements may be made to 
have two distinct stable states separated by an unstable 
negative-resistance region.1.3 The circuit can be made to 
trigger from one stable state to the other in a very short 
time by the application of an input pulse. The trigger 
action suggests the use of this type of transistor in cir-
cuits where the output is to be controlled by the pres-
ence of an input pulse and where the faithful reproduc-
tion of the input signal is not required. 
Earlier investigations in this field resulted in the de-

velopment of a number of novel circuits. Laboratory 
experience, however, revealed that the operation of 
most transistor circuits was so highly critical that 
their applications in systems where reliability was of 

• Decimal classification: C282.I2. Original manuscript received 
by the Institute, August 4, 1952. 
t Engineering Products Department, RCA Victor Division, Cam-

, den, N. J. 
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primary importance is limited. Transistors presently 
available match much more closely in their character-
istics than early units, but are still not completely 
uniform; temperature changes also affect their charac-
teristics. In this paper, special consideration has been 
given in these respects to the design of practical and 
novel transistor circuits so as to achieve reliability 
which has not been previously attained.'-8 
Part I presents a simplified analysis of transistor 

trigger circuits which will assist in the understanding of 
their operation and which will serve as a guide for the 
design of practical circuits. Part II includes a number 
of practical pulse-handling circuits, the satisfactory 
operation of which is not impaired by reasonable varia-
tions of circuit parameters, bias voltages, transistor 
characteristics, and ambient temperature. 

PART I. A SIMPLIFIED ANALYSIS OF 
TRANSISTOR TRIGGER CIRCUITS 

Basic Trigger Circuit 

Some simple circuits employing a single transistor 
may perform trigger action by virtue of the current-
amplification within the transistor and the positive 
feedback afforded by base resistance (both internal 
and external). A rigorous analysis is difficult because of 
the high degree of nonlinearity involved. However, cer-
tain approximations may be made to simplify the an-
alysis without loss of effectiveness.6 The following 
simplified analysis, derived from experimental results, 
may serve effectively ,to explain and describe the opera-
tion of these circuits and to guide in their design. 
A basic trigger circuit is shown in Fig. 1.1.3 The opera-

tion of this circuit may be monostable, bistable, or 
astable (oscillatory), depending on the nature of the 
emitter load. For practical purposes the behavior of the 
circuit is adequately described by the two character-

1 W. M. Webster, E. Eberhard, and L. E. Barton, "Some novel 
circuits for the three-terminal semiconductor amplifier," RCA Rev. 
vol. 10, pp. 5-16; March, 1949. 

2 R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 
transistor," Bell Sys. Tech. Jour., vol. 28, pp. 367-400; July, 1949. 

3 H. J. Reich and R. L. Ungvary, "Transistor trigger circuits," 
Rev. Sci. Inst., vol. 20, pp. 586-588; August, 1949. 

4 E. Eberhard, R. 0. Endres, and R. P. Moore, "Counter circuits 
using transistors," RCA Rev., vol. 10, pp. 459-476; December, 
1949. 

H. 1. Reich and P. M. Schulthersis, "Some transistor trigger 
circuits, PROC. I.R.E., vol. 39, pp. 627-632; June, 1951. 

0 A. E. Anderson, "Some switching aspects of transistors," The 
Transistor—Selected Reference Material on Characteristics and Ap-
plications, Bell Tel. Labs., Inc.; 1951. 

E. A. Oser, R. 0. Endres, and R. P. Moore, "Transistor Oscil-
lators," to be published. 
• "The Transistor—Selected Reference Material on Character-

istics and Applications," Bell Tel. Labs., Inc.; 1951. 

ti 
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Fig. 1 —Basic trigger circuit. 

istics9 shown in Fig. 2: (a) the emitter input character-
istic (v.'—i6 curve), and (b) the current transfer char-
acteristic (is-4 curve). The v.'—i„ curve, together 
with the emitter load line, dictates the mode of opera-
tion of the circuit, while the i,--i curve determines the 

(a) 

(a) 

ie 

CUTOFF  TRANSITION, 
REGION".". ".— REGION -.1"stATURATION— 

REGION 
Fig. 2 —Trigger circuit characteristics. (a) Emitter input character-

istic.  (h) Current transfer characteristic. 

form of the output signal. Considering ie as the inde-
pendent variable, each curve exhibits three distinct 
regions, namely, a low-conduction "cutoff" region, a 
negative-resistance "transition" region, and a high-con-
duction "saturation" region. The curves in each region 
do not deviate appreciably from straight lines, except 
near the boundaries. This property indicates that the 
circuit may be represented by three equivalent circuits, 
one for each region. 
Following conventional notation, the transistor may 

be represented by its internal resistances re, rb, and rc, 
and a current source ode. The value of 4 is usually small 
compared with external base resistance Rb. In the cutoff 
region, where i.<0, the transistor is characterized by its 

These characteristics are of the whole circuit, including the 
transistor and the external circuit parameters. 

high r. and zero current-amplification. The equivalent 
circuit for this region is shown in Fig. 3. The emitter 

c c 

Fig. 3—Equivalent circuit—cutoff region. 

Ecc 

input characteristic for the cutoff region is represented 
by 

Rb 

Rb R,  r„ 

whose slope and intersection are, respectively, 

Ore' 
— 

(1) 

Rb 
ve' =  at L. = 0. (2) 

Rb  R,  r, 

The current transfer characteristic for the cutoff region 
is represented by 

Rb Er. 
=   

Rh + R. + r. Rb  R,. 

or 

di, 

i„ = 

Rb 

Rh ± R„  r„ 

In the transition region, where re<<Rb and R,, and 
a>!, the equivalent circuit is shown in Fig. 4. The 
emitter input characteristic for the transition region is 

(3) 

(4) 

ve' = 

Rb R, r,. 

E„ 
- at i. = 0. 

Rb[R.  r,(I — a) J  
Rb  Rc r, 

Rb 

R.1; + R. ± r „ 

Fig. 4—Equivalent circuit—transition region. 

(5) 
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are'  Rb [Re  r,(1 — j 

ai,.  Rb Rc r, 

Rb 

Rb R.  r, 
at ie = O. 

(6) 

I The current transfer characteristic for the transition 
• region is 

or 

Rb  ar, E„ 
= —     , (7) 

Rb  R.  r,  Rb + R, + 

Rb  ar, 

aie  Rb  R, 

ie =    7 at ie = O. 
Rb  Rc  r, 

(8) 

In the saturation region the transistor behaves ap-
proximately like a conductor, suggesting the approxi-
mate equivalent circuit shown in Fig. 5. The emitter in-

Fig. 5 —Equivalont circuit —saturation region. 

put characteristic for the saturation region is, ap-

proximately, 

— 

or 

RbRa 

R,, + R,  Rb 

Rb 

at ve' = O. 

The current transfer characteristic for the 
region is, approximately, 

Rb  E„ 
le 

Rb  R,  Rb+ R, 

, or 

aie Rb  

at.  Rb 

(9) 

Ede 
iC =    1 at i.= O.  (12) 

Rb 

The assumption that the transistor acts like a per-
fect conductor in the saturation region is an approxima-
tion suited for a first approach. Actually, the values of 
re, rb, and re, at high conduction are small but not 
negligible, and they do not remain constant with 

ec 

Fig. 6—Modified equivalent circuit—saturation region. 

changes of ie. Laboratory investigation, however, re-
veals the existence of a small voltage between emitter 
and collector, which is substantially constant over the 
entire saturation region. For a better approximation, 
therefore, the equivalent circuit for the saturation region 
is modified as shown in Fig. 6. The more exact emitter 
input characteristic for the saturation region is 

RbRe Rb 
ye' —   le    (Eaa — Ear),  (9a) 

Rb  Re  Rb+ Rc 

or 

RbRe  

aie Rb 

Ecc— Etc 
I, = 

R„ 

The more exact current transfer characteristic for the 

saturation region is 

, at ye' = 0. 

(10a) 

(10)  or 

saturation 

(11) 

Rb 
je 

Rb  Rc 

aic = 
Rb + Re 

Ere — Eec 
ic =  at ie = 0. 

Rb + Re 

Based upon this simplified analysis, using (1) to 
(12(a)), the calculated characteristics and experimental 
results are plotted for a typical circuit, as shown in 
Figs. 7(a) and (b). Close agreement between the experi-
mental and analytical curves is observed both in the 
cut-off region and the saturation region. Agreement 

Rb 

Err— Eac 

Rb  Rc 
(11a) 

(12a) 

I. 
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Pu 

_ 
* Measured Value 
—  Colculoled Value 

(a) Emitter input characteristic. 
Fig. 7 

is not expected, of course, where the observed curve 
departs from linearity. In the transiticn region the 
curves depart considerably from a straight line. This is 
due to the fact that the values a and ra do not remain 
constant with change of i. as assumed in the analysis. 
However, in most pulse-handling circuits the exact 
shape of the curve in the transition region is not im-
portant as long as the turn-over points PI, P2, Q1, and Q2 
are well defined. From (1) to (12) the calculated co-
ordinates of the turn-over points are 

= 0,  

ie = 0, 

— Rb 
 E„. (13) 
Rb + R. + r, 

Ee, 
=   (14) 
Rt, + Re+ re 

Ece Rb(1 —  
P2: ie =   Vel =   (15) 

a(Rb + R,) — Rb  a(Rb + R,) — Rb 

— aE„ 
122: is =   ' ic   (16) 

a(Rb R,) — Rb  a(Rb + R,) — Rb 

The points, P1 and G, where the circuit is triggered 
from low to high conduction, depend on the value of re, 
which, unfortunately, is affected considerably by tem-
perature and which also varies from unit to unit. The 
points, P2 and Q2, where the circuit is triggered from 
high to low conducting, depend mainly on a which de-
creases with increasing ie. The calculated co-ordinates 
of P2 and Q2, based on the assumption that a remains 
constant, depart considerably from the measured values 
in v.' but check fairly well in i. and ic. This is a favor-
able situation as far as the design of practical circuits is 
concerned. 
The analysis of this type of circuit is not limited to 

the emitter characteristic alone; rather it is subject to a 
like development of the base and collector character-

E Ce 

;, 

r 

° Meosured  value 
—  Colcutoted  Volue 

(b) Current transfer characteristic. 

istics. In general, the approach is valid at any branch 
in the circuit where negative resistance is exhibited. 
The emitter input approach offers some advantages in 
simplicity, however. 

Monostable Circuits 

A basic monostable circuit is shown in Fig. 8, to-
gether with its emitter input characteristic and its cur-

Fig. 8—Basic monostable circuit. 

II ENLARGED TO 

SHOW DETAIL 
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rent transfer characteristic. These two curves may be 
referred to jointly in the following discussion. The nega-
tive-resistance region of the ve'-ie curve begins slightly 
to the. right of the v,'-axis. In the quiescent state the 
condenser, C, constitutes an open-circuit in the emitter 
loop. The quiescent operation point is at the point MI, 
which is the intersection between the open-circuit load 
line (the v.'-axis) and the v.'-i8 curve. When a trigger 
source sends into the emitter a positive current greater 
than I, the circuit passes into its unstable negative-
resistance region. By virtue of the current-amplification 
within the transistor and the positive feedback action 
afforded by the base resistance, the emitter and collector 
currents increase rapidly, which results in the sudden 
jump of i. to the point 1112 in the saturation region. In 
the process of charging the condenser C in the emitter 
loop, i, diminished until its value is less than 12. At this 
point the circuit re-enters the unstable region and quickly 
jumps back to point ilf2 in the low-conduction stable 
state. Eventually, as a consequence of the discharge of 
capacitor C, the initial quiescent operating point M1 
is. attained. 

SW 2 

T  
Fig. 9—Equivalent circuit of trigger action. 

Referring now to the equivalent circuits of the two 
states, Figs. 3 and 5, the operation of the circuit is 
seen to resemble a simple switching problem as shown 
in Fig. 9. The switches SW1 and SW2 are open-circuited 
in the quiescent state. At 1=0, corresponding to appli-
cation of the trigger pulse, both switches are closed. It is 
readily shown by Laplace-transformation analysis that 
the emitter and collector currents as functions of time 

may be expressed as 

Eo 
21 =  e-ctinuclt ; 

IC = — 

where 

RbE0 

R,(Rb  Re) 

0 <1 < T. 

—(1 /RI IC) t 
E„  • 

Rb  Re' 

0 <1 < T, 

r, 
E0 -  E1e• 

Rb + Re + rc 

RbR, 
R11 - 

Rb + Re 

The analysis reveals that i. jumps from zero to Eo/R, 
on application of the trigger pulse, and then decreases 
exponentially with times at a rate determined by the 
time constant CRii. When i. falls below the value /2, the 
circuit re-enters the negative-resistance region and 
triggers back to the low-conduction state. The value of 
/2, calculated by equating (5) and (9), is 

E cb 

12 -   
a(Rb + R.) - Rb 

(19) 

This second trigger action is equivalent to opening 
switches SW1 and SW2 at 1.=I2. The collector current 
varies in a like manner (Fig. 10). The amplitude of the 

to col  

Rc 

aE cc 

a (Rb+ Rc l-Rb 

ICO 

0 

Fig. 10—Emitter and collector current waveforms. 

output voltage pulse is approximately El) and its width 
(which is the same as the width of the emitter current 
pulse) is 

rc[a(Rb + Re) - Rb]  
T = RIIC In • (20) 

(Rb  Rc  rc)Re 

Note that the generated pulse width is independent of 
E„. Equations (17) and (18) based on the saturation-
state equivalent circuit, are valid only in the interval 
0 <1< T. In other words, 

E0 = 
Re 

0, 

- EoRb 
ic - 

R.(Rb ± Re) 6-(11 RI lc"  

ECC 

for 0 < I < T 

for I < 0, 1 > T. 

ECC 

(21) 

Rb + Re ' 

for 0 < < T (22) 

for t < 0, 1 > T. 
Rb  Re+ rc 

The output pulse departs from the ideal flat-topped 
(17)  pulse according to the exponential term of (18). This 

departure is more pronounced when R, is small, which 
is the case when a high-current pulse is desired. The 
output pulse width is a function of a and r, (20) which 
may vary from unit to unit and which may also be 
temperature dependent. For precision applications it is 
desirable to have a circuit whose output waveform is 
controlled by circuit parameters alone. One such circuit 

(18)  employing a transmission line is shown in Fig. 11.10 

First investigated by Endres of the RCA Victor Co. 
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For the following analysis let the emitter load be an 
open-circuited loss less line with a surge impedance 
Ro=RbRc/R6-1- K, and of such length that the delay 
time is T/2. Treating the problem in the same manner 
as was described in connection with its archetype, the 
emitter and collector currents as functions of time may 
be expressed as 

Eo 
= —  1U(07— — T)] 
2R, 

E0 
i. = — [U(t) — U(t — 7')] 

2R, 

where 

E0 , 
  [U(t)  U(t — T)] — /to, 
2(Rb 1?,) 

Ir0 = 

TRANSMISSION 
LINE 

E„ 

R6  R.  r, 

Ecc 

Fig. 11—Transmission-line controlled monostable circuit. 

(23) 

(24) 

These expressions, based on the equivalent circuit for 
the saturation region, are valid only when ie> /2. Since 
I. drops from E0/2R, to 0 at t = T, the expressions are 
valid only during the time interval 0 <t < T. The gen-
eral expressions i6 and ic are 

it 

E0 
it = — 

2R, 

= 0, 

RbE0  E„ 

2R,(Rb  R.) 

= 

for 0 <1 < 7' 

for t < 0, 1 > 7'. 

, for 0 < < T 
Rb  Re 

(26) 

(25) 

for t < 0, 1> 7'. 

Fig. 12—Output waveforms of two monostable circuits. (a) Con-
denser controlled, transistor no. 1; (b) condenser controlled, tran-
sistor no. 2; (c) transmission line controlled, transistor no. 1; (d) 
transmission line controlled, transistor no. 2. 

From (25) and (26) it is evident that the values of I. 
and ic are constant (depending on circuit parameters 
only) during the time interval 0 <t< T. The width of 
the current pulse is controlled solely by the transmis-
sion line, which may be precisely designed and built. The 
advantages of employing a transmission line instead of a 
condenser as the emitter load of the basic monostable 
circuit is illustrated in a typical case as shown in Fig. 12. 

Bistable Circuit 

A basic bistable circuit" and its operating character-
istics aret'shown in Fig. 13(a) and (b). The emitter load . 
consists of a resistance R. and a bias voltage Es.. 

(a) 

ie 

LOAD LINE 
(SLOPE=— Re) 

( b) 

Fig. 13 —Basic bistable circuit. (a) Circuit arrangement; 
(b) Emitter input characteristic 

A fundamental requirement for bistable operation is 
that the emitter load line intersect the  curve 
once in each region. The circuit may stay at the low-
conduction operation point M I (the OFF state), or at 
the high-conduction operation point M2 (the ON state). 
The equivalent circuits of the two states are shown in 
Fig. 14, and the emitter and collector currents in either 

Re 

E J. ee — 
-r 

OA OFF STATE 

Rci 

ct —= 

OA ON STATE 

Fig. 14 —Equivalent circuits of the bistable circuit. 

state may be computed accordingly. Referring to Fig. 
13, a positive voltage V1 may trigger the circuit from 
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ts OFF state to its ON state, and a negative voltage V2 
nay perform the reverse operation. The values of V1 
ind V2 may be made small to favor trigger sensitivity, 
)1" they may be made fairly large to insure reliable 
weration in the presence of noise, temperature change, 
md individual difference between transistor units. In 
practice, the chosen values of Re and Eee are a com-
promise between sensitivity and stability. However, the 
ultimate limits of the two parameters are 

Rb[R,  r,(1 — a) 

Rb Re ± re 

I Rb Rb(i — a) 
 E„ < 1E,ei <   
Rb+ Re ± re I a(Rb-1- Re) — Rb 

as is evident from Fig. 13(b), and (5), (13), and (15). 

Astable Operation 

A simple transistor circuit may perform astable 
operation if the dc operation point lies in the unstable 
negative-resistance region and some reactive element is 
incorporated in the circuit.' ,'" In Fig. 15(a), the emitter 
is current-biased through a high resistance Re so that 
the dc operation point is some point P in the negative 

Re < 

(a) 

(b) 

1 

• 
(c) 

Fig. 15 —Basic at able circuits. 

resistance region. A condenser C may supply the re-
quired reactance for nonsinusoidal RC oscillation, and 
a series resonant circuit may be employed for sinusoidal 
t wave oscillation. A similar situation exists in the coi-
f lector circuit (Fig. 15(b)). In the base circuit (Fig. 15(c)), 
1 the circuit may be voltage-biased through zero re-
t sistance in the base to obtain the proper dc operation 
I point. An inductance or a parallel resonant circuit may 
I be employed to perform the astable operation. 

I 

• . 

• 

PART II. SOME PRACTICAL TRANSISTOR 
PULSE-HANDLING CIRCUITS 

Monosiable Circuits 

The basic monostable circuit described in Part I pro-
vides a regenerative amplifier with unique application 
possibilities. A practical pulse standardization circuit 

OUT  

INPUT o-1 

(cl) 

Fig. 16(a)—Pulse standardization circuit. (a) Circuit 
arrangement. 

(I) 

(2) 

(3) 

(4) 

(b) 

(5) 

Fig. 16(b)—Pulse standardization circuit. (I)) Waveforms. (1) Input 
pulse. (2) Emitter current. (3) Collector current. (4) Base voltage. 
(5) Emitter voltage. 
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is shown in Fig. 16(a). A negative-going trigger pulse, 
applied at the base of the transistor, initiates the trigger 
action. Because of the presence of the crystal diode 
CD2, the input source is isolated from the transistor 
circuit except for the short duration when the initiation 
of trigger action takes place. The output pulse amplitude 
and width are practically independent of input pulse 
width and amplitude (Fig. 17). 

INPUT PULSE 

(0) 

(b) 

(t) 

OUTPUT PULSE 

Fig. 17—Input and output waveforms of pulse 
standardization circuit. 

It is observed that after the circuit triggers from its 
saturation state to its cut-off state the condenser C 
starts to discharge through the internal emitter re-
sistance r., which is high in the quiescent state. This 
discharge time limits the upper repetition frequency at 
which the circuit can be operated. To reduce the dis-
charge time, a second diode CD1 (Fig. 16(a)) is placed 
between emitter and collector to provide a low im-
pedance path for the discharge of the condenser. The 
effectiveness of this measure is illustrated by the wave-
form photography of Fig. 18. 

(a) 

(b) 

Fig. 18—Circuit recovery time, (a) with diode, (b) without diode. 

Typical performance of the pulse standardization 
circuit is summarized in Table I and some output volt-
age waveforms are shown in Fig. 19. 

As the width of the output pulse may be readily pre-
scribed by choosing proper circuit parameters, it is 

TABLE I 
PERFORMANCE OF PULSE STANDARDIZATION CIRCUIT 

Output pulse ampli-
tude (volts) 

Output pulse width 
(Ass) 

Output pulse rise 
time (As) 

Output pulse fall 
time (ps) 

Nlaxitn lllll  voltage 
gain 

C 470 ppf C..2,200µµf sf 

40 

0.25 

0.02 

0.1 

80 

40 

1.1 

0.02 

0.1 

80 

40 

5 

0.02 

0.1 

80 

(a) 

(b) 

(c) 

Fig. 19—Output waveforms of pulse standardization circuit. 
(a) C 470 MN1F. (b) C  2200 MMF. (c) C-0.01 MF. 

feasible to utilize the trailing edge of the output pulse 
to give a delayed pulse. As shown in Fig. 20(a), a peaking 
coil and a damping diode are arranged in the collector 
circuit to generate a sharp pulse when the collector 
current jumps back from its saturation value. Some 
typical waveforms arc shown in Fig. 20(b). 

For those applications where a single, manually 
initiated pulse is desired, the circuit of Fig. 21 will be 
of particular interest. In switching condenser C into 
the emitter circuit the charging current of the condenser 
triggers the circuit, generating a single output pulse. 
When the external collector resistance Re is reduced 

to a very small value, the monostable circuit is capable of 
delivering high-current pulses of short duration. This is 
evident from an inspection of the saturation region 
equivalent circuit and its analysis. Output pulses of 
current as high as one ampere (10 volts across a 10-ohm 
resistance) were observed in such a circuit using 
ordinary point-contact transistors. The extremely low : 
output impedance of this circuit is of great value in ti 
driving low-impedance networks or in operating in a 

c. 
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-1-

Ecc 

OUTPUT 
 0 

(C) 

Fig. 20(a) —Pulse-delay circuit. (a) Circuit arrangement. 

(b) 

(I) 

(2) 

(3) 

Fig. 20(b) —(b) Output waveforms. (1) C 470 MMF. 
(2)C=2200 N1MF. (3) C=0.01 MF. 

system where distributed capacitance is an important 

consideration in design. 
The power-supply voltage E„ in the basic monstable 

circuit may be located in the collector and base circuits 
in order that the dc level of the output circuit might ac-

Fig. 2I—Single-shot pulse generator. 

commodate dc coupling to the other circuits (Fig. 22). 
This may be found valuable when the monostable cir-
cuit is used to drive certain direct coupled circuits. 
Frequently, discrimination against spurious signals 

is more important than trigger sensitivity. In that event, 
the emitter of the transistor may be current-biased to 
insure that the transistor remains in its low-conduction 
quiescent state until a trigger pulse exceeding a pre-
scribed level is applied. Two current-bias arrangements, 
and their effects on the emitter input characteristic, 

Fig. 22—Location of power supply voltage. 

are shown in Fig. 23. The high resistance R, in each 
case, allows a negative current to flow into the emitter 
when the transistor is in its quiescent state. The pres-
ence of the resistance has little effect on operation of 
the circuit when the transistor is in its active state. 

QUIESCENT 
LOAD LINE 

WITH R 

QUIESCENT 
LOAD LINE 

Fig. 23—Effects of emitter current—bias. 

As mentioned in Part I, the output waveform of a 
monostable circuit may be precisely controlled by em-
ploying a transmission line, instead of a condenser, as 
the emitter load. As illustrated in Fig. 12, the trans-
mission-line controlled circuit keeps the width of the 
output pulse constant, irrespective of individual differ-
ence in transistor units. This arrangement is of particu-
lar interest in computer systems where pulse width and 
pulse delay time have to be precisely controlled. 
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Bistable Circuits 

The basic bistable circuit, shown in Fig. 13, requires 
that the emitter load line intersect the v.'—i,, curve once 
in each region.'" A study of a number of transistors 
operating in a typical bistable circuit reveals that the 

curve for a given transistor may lie anywhere 
within the shaded area of Fig. 24(b). In order to insure 

Eee ---

E2 --
LOAD LINE 
(SLOPE= —Re) 

Fig. 24—Emitter input characteristics of basic bistablc circuit. 

three-point-intersection for all v6'—i6 curves within the 
area, R, must be small and the value of E„ must lie 
between El and E2. Since the emitter usually serves as 
an input terminal for triggering, a low value of Re im-
plies a low input impedance, while required value of E„ 
may make circuit unreliable under adverse conditions. 
A practical single-transistor bistable circuit using a 

nonlinear resistance as the emitter load is shown in 
Fig. 25(a). A base-voltage bias Ebb is used to eliminate 
the use of the critical-emitter bias E„. The circuit 
parameters are so chosen that, for the majority of 
transistors, the center portion of the negative-resistance 
region of each v„'—i6 curve lies on the i, axis. A crystal 
diode is used as the emitter load, causing the emitter 
load line to have two straight portions as shown in 
Fig. 25(b). This nonlinear load line insures the three-
point-intersection requirement for each v.'—i. curve. 
Furthermore, at the low-conduction state the direction 
of emitter current is such that the back-resistance of 
the crystal diode constitutes a high impedance. Thus 
the input impedance of the circuit is high in its OFF 
state; the circuit may be readily triggered into its ON 
state by the application of a small positive pulse at the 
emitter. 

Any change in circuit parameters and transistor: 
characteristics affects the shape of the v.' —ie curve; 
large departure from the designed value may rende 
the circuit inoperative. However, the circuit parameters 
in the practical circuit are much less critical than are the, 
values of E,, and R. in the basic bistable circuit, espe-
cially when E„ and E„ are from the same power supply. 
Laboratory experience revealed that the practical cir-

(b) 

Fig. 25 —Practical bistable circuit. (a) Circuit arrange-
ment. (b) Emitter input characteristics. 

cuit is highly stable; and reliable operation was ob-
served even when power dissipation within the trans-
istor was high enough to cause heating of the unit. The 
single-transistor circuit, in fact, was found superior 
even to earlier twin-transistor bistable circuits in which 
reliability had been emphasized. 

A Decade Counier 

To illustrate the practical application of point-con-
tact-type transistors in pulse circuits; an all-transistor 
decade counter will be described here (Fig. 26). The 
counter takes the form of a conventional transfer-pulse 
ring counter. Each decade of the counter consists of 

Fig. 26--Transistor decade counter. 

!I 
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ten bistable units interconnected to form a closed ring. 
One of the ten bistable units is in the ON state while 
the remaining nine units are in the OFF state. An input 
counting pulse, fed to all the bistable units in parallel, 
tends to turn all the units to the OFF state. When 
the originally ON unit jumps to its normal state, it 
sends out a transfer pulse which overrides the input 
pulse at the next succeeding unit and turns the latter to 
the ON state. Successive input pulses will advance the 
ON state along the ring in the same manner. The neon 
lamps shown in the photograph are connected so as to 
indicate which unit is in the ON state, and thus indi-
cate the count. 

1NPuT 
V 

STAGE .0-

Standor-
claotion 
C,rcu,t 

STAGE  STAGE"2.'-'11"  STAGE"9.' 

1 

Fig. 27 —Block diagram of transistor decade counter. 

A block diagram of one decade of the counter is 
shown in Fig. 27. Before operation all units save the 
first are reset to their OFF state. In order to take care of 

counting pulses of varied width and amplitude a pulse-
standardization stage is included. The single-transistor 
bistable circuit described in the last section is used as 
the bistable unit. However, since the emitter is not used 
as an input terminal at any time, instead of the employ-
ment of a crystal diode, the emitter is directly connected 
to ground (Fig. 28). 

READ OUT 
READ OUT 

S  R 

t 
SET RESET 

Fig. 28—A bistable unit. 

The laboratory model of the counter was operated at 
rates of higher than 50,000 counts per second. One 
decade of the counter has a total power consumption of 
less than 2 watts. Its physical dimensions are 10 X3 X I 
inches and weighs 8 ounces. A vacuum tube decade of 
comparable performance requires 10 twin-triodes, 2 
pentodes, and a power consumption of 60 watts. 
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Transistors in Switching Circuits* 
A. EUGENE ANDERSONt, MEMBER, IRE 

Summary —The general transistor properties of small size and 
weight, low power and voltage, and potential long life suggest ex-
tensive application of transistors to pulse- or switching-type systems 
of computer or computer-like nature. 

It is possible to devise simple regenerative circuits which perform 
the normally employed functions of waveform generation, level 
restoration, delay, storage (registry or memory), and counting. The 
discussion is limited to point-contact type transistors in which the 
alpha or current gain is in excess of unity and to a particular feedback 

configuration. 
Such circuits, which are of the so-called trigger type, are postu-

lated to involve negative resistance. On this basis an analysis, which 
approximates the negative-resistance characteristic by three inter-
secting broken lines, is developed. Conclusions which are useful to 
circuit and device design are reached. The analysis is deemed 
sufficiently accurate for first-order equilibrium calculations. 
Transistors having properties specifically intended for pulse 

service in the circuits described have been developed. Their prop-
erties, limitations, and parameter characterizations are discussed at 

some length. 

* Decimal classification: R282.12. Original manuscript received 
by the Institute, August 13, 1952. Published previously in the Bell 
Sys. Tech. Jour., vol. XXXI, no. 3, pp. 411-442; May, 1952. 

t Bell Telephone Labs., Inc., Murray Hill, N. J. 

INTRODUCTION 

I
T IS PROPOSED to discuss some of the properties 
of transistors which are applicable to switching or 
pulse-type circuits, to develop elementary analysis 

methods, and to describe a few circuits. 
The bounds or limits of the field of switching are dif-

ficult to define. The common thread usually involves 
definite states of being as "open or closed," "off or on," 
"0 or 1," and so on, rather than a continuum of condi-
tions. Even when consideration is given to more than 
two states, the thought involves distinct recognition of 
each state. The field is termed to be nonlinear in dis-
tinction to linear manipulation of information. Any 
number of anomalies in definition may be raised. 
Without attempting either to define or to limit the 

field, some of the functions which are often employed 
are waveform generation, as rectangular pulses, saw-
tooth waves, and so on; memory or storage which may 
be for short, intermediate, or long periods and involves 
the retention of information for subsequent use; opera-
tions involving addition, subtraction, multiplication, and 

tf 
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division; translation of information from one form or 
code to another; gating, involving the routing of signals 
according to a predetermined pattern or set of condi-
tions; regeneration of signals in amplitude and wave-
form; delay, which may be thought of as a form of stor-
age; and timing. Some of these functions are simple; 
others result from fairly complex structures of simpler 
functions. 
Present trends in electronic switching systems are to-

ward complicated automata as exemplified by digital 
computers.' The reliability, power consumption, and 
physical size of the electron devices employed largely 
determines the degree of realizability of such systems. 
It is believed that the transistor will find a significant 
application in this field. 
The transistor can reduce power consumption by the 

elimination of heater or filament power. In addition, 
particularly in broadband applications as in high-speed 
pulse systems, the "B" power may be reduced by the 
order of one or two decades, if not more. Transistor cir-
cuits with 0.02 ps rise time have been made to operate 
with an input power of 20 mw, which compares with 
approximately 2.5 watts (1-watt heater, 1.5-watt plate) 
for an equivalent tube circuit. Transistors have op-
erated with less than 1-Aw input power.2 
Such power reductions result from the low operating 

voltages, low internal resistances, and low capacitances 
of transistors. Low internal impedances greatly reduce 
the importance of stray wiring capacitances, thereby 
making mechanical design much simpler and often 
eliminating the need for isolating or buffer amplifiers. 
The transistor can contribute definite reduction in 

size directly. Fig. 1 is a photograph of a "bead" transis-
tor which has a volume of approximately 1/1000 of 
a cubic inch and a weight of 5/1000 ounce. Indi-
rectly, the transistor can contribute to size reduction 
through the use of smaller, lower-voltage, lower-dissipa-
tion components. The reduction of power-supply re-
quirements in terms of size, regulation, and capacity is 
also quite appreciable. 
Transistors have been subjected to shocks in excess of 

20,000 grams without change in characteristics. Vibra-
tion tests have shown no resonances in the transistor 
shown in Fig. 1 to several thousand cycles. Harmonic 
accelerations of 100 grams at 1,000 cycles have pro-
duced no detectable current modulation. 
Life reliability and expectancy are difficult to deter-

mine because of the relative infancy of transistors, the 
definite finiteness of time, the many variables involved, 
and the rate of development progress. Average life is 
presently estimated to be in excess of 70,000 hours. Life 
is a function of the operating conditions, and may be 

L. N. Ridenour, "High speed digital computers," Jour. App!. 
Phys., vol. 21, pp. 263-270; April, 1950. 

2 R. L. Wallace, Jr. and W. J. Pietenpol, "Some circuit properties 
and applications of n-p-n transistors," Bell Sys. Tech. Jour., vol. 
XXX, no. 3, pp. 530-563; July, 1951. 

materially reduced accordingly. 
Transistors also have limitations. Noise at present is 

high for point-contact types as compared to electron 
tubes; input impedances are low, which may be either 
advantageous or disadvantageous; power output may 
be limited; frequency response is relatively low; circuit 
instability may cause design difficulties; and the devices 
are sensitive to temperature changes. There is also an 
absence of a long practical experience with a consequent 
art background in both devices and circuits. 

Fig. 1—A miniature switching type transistor (M1689). 

A comprehensive review of transistor properties is 
given in the paper by Morton.' 
While it is difficult to define the switching field, it is 

no less difficult to discuss circuit and device properties 
on a general basis. This is related to the nonlinear na-
ture of the circuits and devices in distinction with the 
virtually classical linear small-signal field. The lack of a 
classical method of analysis is a serious handicap in the 
synthesis of contemporary circuits and devices. When 
new devices, as the transistor, are to be considered, the 
problem is multiplied due to the lack of a long back-
ground of experience. 

It has been assumed that negative resistance is a com-
mon thread among "trigger circuits" and oscillators Le-
gardless of the device employed electron tube, gas tube, 
transistor, mechanical structures, and the like. This is 
not a new or novel idea and there is no intent to present 

3 J. A. Morton, "Present status of transistor development," Bell 
Sys. Tech. Jour., vol. XXXI, no. 3, pp. 411-442; May, 1952. 
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it as such.' Rather, it is used as a pattern upon which a 
certain degree of transistor analysis may be based, lead-
ing to simple understanding. The analysis assumes that 
the negative-resistance characteristic can be broken into 
three regions; each region is then considered on a linear 
basis. 
Section I will deal with simple circuit properties, Sec-

tion II, analysis, and Section III, device properties. 

I. SIMPLE CIRCUIT PROPERTIES 

Common property ascribable to switching functions 
is that of definiteness of state. The condition of the func-
tion is either "off" or "on." Switches are either open or 
closed; relays are operated or not; tubes are in cutoff or 
overload; doors are open or closed; and so on. This is 
common regardless of the phenomena being exploited. 
There is an intermediate region between these two 

conditions, usually characterized by a time which is re-
lated to how fast the function may go from one state to 
another. Functionally, the times of closing and opening 
are taken to be zero; practically, they are of determining 
importance. Relays replace hand-operated switches and 
electronic devices replace relays as speed becomes im-
portant. Obviously, no function or system can be faster 
than its state devices. 
All such state devices will have separate attendant 

properties, such as the degree of reverse coupling be-
tween the controlling signal and the controlled signal. 
Separated into families, however, there are those which 
are passive and those which are active. The latter are 
threshold devices in which a small amount of signal or 
control energy causes the translation of a relatively 
larger amount of stored energy into dynamic energy 
which consummates the change in state. As long as the 
control signal is below the initial threshold, there is no 
response and any change is directly related to the pas-
sive transmission of the control signal alone. When the 
signal exceeds the threshold, the second state is as-
sumed. Watch escapements, thyratrons, and the whole 
family of oscillators fall into this category. When the 
simplest cases of such functions are analyzed, they are 
found to involve, in one way or another, two stable states 
separated by a region in which there is positive feedback 
and gain in excess of unity, with a resultant equivalent 
negative resistance. The proposition that a negative-
resistance characteristic is common to trigger or thresh-
old switching circuits is tacitly assumed. The next step 
is to examine the transistor for such behavior and to 

classify the properties. 
4 See, for example, W. Reichardt, "Negative resistances, their 

characteristics and effects. Sinusoids, relaxation oscillations, and 
relaxation discontinuities," Rick. Nach. Tech., vol. 20, no. 9, pp. 76-
87; March, 1943. Also, "Uniform relationship between sinusoids, 
relaxation vibrations, and discontinuities," Rick. Nach. Tech., vol. 
20, no. 9, pp. 213-225; September, 1943. For transistors, E. Eber-
hard, R. 0. Endres, and R. P. Moore, "Counter circuits using 
transistors," RCA Rev., pp. 459-476; December, 1949. Also, II. J. 
Reich and Ungvary, "A transistor trigger circuit," Rev. Sci. Inst., 

r vol. 20, pp. 8 and 586; August, 1949. Also, P. M. Schultheiss and 
H. F. Reich, "Some transistor trigger circuits," PRoC. I.R.E., vol. 39, 
pp. 627-632; June, 1951. 

Negative Resistance in the Transistor 

That the transistor5 can exhibit negative resistance 
has been demonstrated analytically 5 and experiment-
ally. The resistances seen looking into the emitter and 
collector of the transistor with grounded base are shown 
in Fig. 2. 

R, 2 R2i rb(rb frrn)  
RIN = —r t rb 

r‘22  rC +11) +Rc 

rm 

"I\ 

411..m• 

Ri2 R21 rb(rb + rin) 
R N = R22 - R ;, = re +rb 

rb + RE 

Fig. 2—Emitter and collector driving-point resistances. 

In the equations and discussion to follow, the symbol 
conventions are as follows: External circuit elements are 
capitalized as R., Rb, and R. The symbols R11, R12, R22, 
and R21 define the open-circuit transistor resistances; the 
symbols r„ r, r,,,, and rb define the equivalent circuit 
element values. Network resistances which contain both 
device and external elements are primed. For example, 

See also footnote R221 = R22+ Rc+ Rb, where R22= r.-Fra. 
references". 
Taking the collector or output driving-point re-

sistance, Fig. 2, for example, 

rb(rb 
R,. =  rb) (1) 

r.  rb + R. 

Rin can be negative or positive, depending upon the 
relative magnitudes of the two terms. Actually, of 
course, rn, has a phase factor and so is frequency de-
pendent. Frequencies wherein r„, is essentially resistive 
will be assumed. For negative resistance, r„, must be 
large, R. small, and rb not too small or else augmented 
by external resistance. Negative resistance is thus pre-
dicted on a small-signal linear basis. The large-signal 
behavior may be studied experimentally by adding 
sufficient resistance as R. to the first or positive term to 
insure stability. This is shown in Fig. 3 with the resultant 
characteristic. External base resistance Rb has been 
added and R. is zero. 

Discussion is limited primarily to point-contact transistors with 
co.13 or current gains greater than unity. 

R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 
transistor," Bell Sys. Tech. Jour., vol. XXVIII, no. 3, pp. 367-400; 
July, 1949. 
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Fig. 3 illustrates the pattern of a three-valued charac-
teristic. I and III are portions with positive slope, indi-
cating stable operating regions, separated by II, a region 
of negative slope, indicating the possibility of instabil-
ity. In this particular case, Region I has high resistance 
and Region III very low resistance. 

-5 

-v, 
10 

15 

-20 
-3  -2  -1 

Fig. 3—Collector large-signal negative-resistance characteristic. 

An evaluation of the emitter or input characteristic 
leads to similar results, using the circuit of Fig. 4. R6 has 
been added here also and R, taken as zero. The general 
pattern is again present. Region I has high, positive re-
sistance; Region II, negative resistance; and Region III 
very low, positive resistance. 

Fig. 4—Idealized emitter large-signal negative-
resistance characteristic. 

Biases and Load Lines—Bistable Operation 

The negative resistances of Figs. 3 and 4 are both of 
the so-called open-circuit stable type. If loads are ap-
plied to the circuit terminals of Fig. 2 which are larger 
in magnitude than the negative resistances, the circuits 
will be stable, that is, there will be single operating 
points. This is shown in Fig. 4 by the dashed load lines 
marked, R/, R.", R.". A load resistance smaller in mag-
nitude than the negative resistance may intersect the 
characteristic in three positions, as shown by the load 
line R.. 
The load line R. can be made to have single or multi-

ple intersections by biasing properly as shown in Fig. 5, 
where the three possibilities are shown as R„ R,', R.". 
Single or multiple intersections result in accordance with 
the choice of emitter bias, V„, as shown. It can be shown 
that the intersection of load line R, with the character-
istic at b in Fig. 5 is unstable, whereas those at a and c 
are stable. Experiment in the multiple intersection case 
shows also that as  is slowly increased (decreased in 
absolute magnitu(le) the load line moves upward and 
that the assumed operating point, a, moves up along 
the Region I portion of the characteristic. At the turn-
ing point shown on the current axis, the operating point 
suddenly flips to the high current region, returning along 
the curve to c as l'„ is returned to the original value. 

Fig. 5--Emitter negative-resistance characteristic showing 
possible multiple operating points. 

A decrease in 1%, toward V.." moves the operating 
point at c downward along the characteristic until it 
"escapes" past the lower turning point and flips to the 
Region I portion, returning to a as V.." is returned to 
the original value. This then is an elementary switching 
circuit, a bistable trigger circuit, or "flip-flop." A posi-
tive emitter pulse will cause the circuit to flip to high 
current, a negative pulse to low current. The triggers 
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may be applied to emitter, base or in combination with 
proper attention to polarity. Trigger sensitivities are 
shown in Fig. 6. Such a circuit is often used for register 
or storage purposes. It can store one bit of information 
for a potentially infinite period, be sampled for presence 
of such information, and be cleared or restored to the 
original condition for reuse when the stored information 
is no longer useful. With the addition of suitable steering 
circuits it can be made to count by a scale of two. 

TRIGGER 

+Ve 
+Ie 

Vee  
a 

-ve 

Fig. 6—Bistable circuit showing trigger sensitivity, A. 

Monostable and Astable Circuits 

The addition of a capacitor to the circuit as in Fig. 
7(a) leads to either monostable or astable operation. In 
Fig. 7(b) the normal operating point is stable at a, as 
discussed previously, by virtue of the bias V. As V.. 
is increased, as by a trigger, the load line is moved up 
and over the turning point. Without capacitor C in the 
circuit, the operating point would move to b, with the 
resultant rapid change in voltage and current. However, 
a capacitor has in effect voltage inertia; this is equiva-
lent to saying that a capacitor is a short-circuit to a 
voltage change. Both the capacitance and the rate of 
change of voltage are assumed high. Thus at the turning 
point the capacitor effectively short-circuits the emitter 
and the operating point snaps along dotted line (1) to 
intersect the characteristics. This point is quasi-stable, 
and the capacitor is discharged along line (2) to the sec-
ond turning point where the emitter is again effectively 
short-circuited and the operating point snaps along (3) 
to intersect the Region I portion of the characteristic. 
This point is also quasi-stable and the operating point 
moves slowly up to the initial or dc stable operating 
( point. A single trigger thus causes a complete cycle of 
( operation. The emitter current shifts rapidly to a high 
value of current, falls relatively slowly to an inter-
i mediate value, then shifts rapidly to a small negative 
value, and finally returns slowly to the original value. 
The emitter current and voltage are sketched in Fig. 8. 
It is a so-called "single-shot" circuit. Alternately, the 
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rest or dc stable point can be chosen to be in Region III, 
at high current, by choice of positive instead of negative 
bias V„. Practical considerations as ease in triggering 
and average power consumption usually indicate a pref-
erence for the Region I dc stable point. 
When the load line and bias are chosen to result in 

intersection in the negative-resistance portion, astable 
operation or continuous oscillation results. This mode 
is illustrated in Fig. 7(c). Proper bias and R.> I — Rini , 
Region II, are required. The operating point formed by 
the intersection of the load line on the negative-resist-
ance portion of the characteristic would normally be 

Vcc (a) 

-16 

4' 

-ve 

( b 

MONOSTABLE 
CHARACTERISTIC 

Fig. 7—Monostable and astable characteristics. 

stable. However, the capacitor provides an ac short 
circuit in parallel with R., causing the path (1), (2), (3), 
(4) to be followed continuously. Another form of physi-
cal explanation of this relaxation oscillation, usually ap-
plied to gas tubes, is that the capacitor C is charged 
slowly through R. to a critical or breakdown value 
whereupon the tube or device rapidly discharges the 
capacitor. When the capacitor charge is dissipated, the 
device discharge can no longer be maintained because of 
the IR drop in R. and the tube or device open circuits, 
and the capacitor is recharged. 
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The above suggests a strong similarity to gas-tube 
behavior, and this is indeed so. In fact, the modes de-
scribed above are common to all open-circuit stable 
negative-resistance devices; only the parameters and 
device phenomena are different. 
The primitive circuits of Fig. 7 have properties basic 

to several switching functions. These may be deduced 
from the waveforms of Fig. 8 which are essentially iden-
tical to both the monostable and astable cases. The emit-
ter current has a rectangular waveform which suggests 
the generation of rectangular pulses, and, for the astable 
case, regenerative amplification for both amplitude and 
wave shape, pulse rate or frequency division and delay. 
As shown, the current waveform is not particularly 
good, having neither a flat top nor a flat base line. Prac-
tically, the waveform may be derived from the collector 
by means of a small load resistor to obtain a flat base 
line. When the emitter current is negative, there is sen-
sibly no transfer action, hence, the collector current will 
be constant during the recharge portion of the cycle in-
stead of exponential as shown. The slope of the top is 
inherent, and may be removed by clipping. Pulse rise 
time of 0.1 his, the time required for transition from low 
current to high current, is quite easily obtainable; 0.02 
is with average input powers of 20 mw have been ob-
tained. Fall time is usually longer than the rise time by 
factors of 3 or 4. It is to be noted in Fig. 8 that there has 
been shown a delay between the trigger application and 
the current transition. Such delay is not peculiar to 
transistors, but is common to all trigger-type devices 
and circuits. The delay is shown here exaggerated in or-
der to establish its existence, and is associated with the 
static charging of the circuit and the dynamic delay of 
the device concerned. The trigger-transition delay with 
transistors is usually less than 0.1 As. 

....... 

••• ----
TRIGGER 

--------------

TRIGGER 

------- -

TIME 

Fig. 8—Idealized monostable relaxation oscillator waveforms. 

The voltage waveform of Fig. 8 has a sawtooth form, 
and may thus be employed to generate linear time bases 
or sweeps. The normal methods for linearization, such 
as a high-charging voltage V. and a high-charging re-
sistance R„ or other constant current means, are ap-
plicable here as in other device circuitry. Free-running 
and driven sweeps may be obtained with the astable and 
monostable circuits, respectively. 

Since the collector characteristic shown in Fig. 3 is 
also open-circuit stable, the same sort of circuits can be 
constructed using the output characteristic. Bistable, 
monostable, and astable circuits are shown in Fig. 9. 

Fig. 9—Collector connection switching circuits. 

R N 

(a) COLLECTOR BISTABLE 
CHARACTERISTIC 

(b) COLLECTOR MONOSTABLE 
CHARACTER IST IC 

(c) COLLECTOR ASTABLE 
CHARACTERISTIC 

re ( rm - ) 
R N = r 4r 4. 

Rc+ r, rc - rn, 

R,N = rtyr rc - rrn +  re (  - rc)  
RE+rèp  —rm  

Fig. 10—Base driving-point resistances. 

The resistances seen looking into the base are given 
in Fig. 10. These circuits are short-circuit stable. That 
is, high values of Rb result in instability. Bistable, mono-
stable, and astable circuits can be constructed also, but 
use is made of an inductor instead of a capacitor. The 
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reactance of the inductor affords a quasi-open-circuit in 
the same manner as the capacitor afforded a quasi-
short-circuit in the previous cases. Circuit examples are 
shown. in Fig. 11. 

(a) BASE BISTABLE 
CHARACTERISTIC 

( ID)  BASE MONOSTABLE 
CHARACTERISTIC 

BASE ASTABLE 
(C)  CHARACTERISTIC 

Fig. 11—Base connection switching circuits. 

Summary 
These simple circuits by no means exhaust the switch-

ing-circuit possibilities of the transistor; rather, they are 
the simplest. The simple circuit is often satisfactory, and 
may sometimes be employed with little more under-
standing than that given. More often, however, prob-
lems relating to the sensitivity, constancy of sensitivity, 
operating currents and voltages, interchangeability and 
the like require a much more quantitative understand-
ing in order to create circuit designs having specific 
properties.7 An equal need also exists in transistor de-

7 See, for example, J. R. Harris, 'A transistor shift register and 
serial adder," ['Floc. I.R.E.; vol. 40, pp. 1597-1603; this issue; R. L. 
Trent, "A transistor reversible binary counter," PROC. I.R.E., vol. 
40, pp. 1562-1573; this issue; H. G. Follingstad, J. N. Shive, R. E. 
Yaeger, "An optical position encoder and data transmitter," PROC. 
I.R.E., vol. 40, pp. 1573-1584; this issue. 
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sign for analytic circuit relationships. Such information 
is useful, first, in the creation of optimized designs and, 
second, in the maintainance of proper parameter con-
trols in manufacture. Finally, the more detailed the un-
derstanding the more likely will be the creation of new 
circuits and new devices. 
A complete analytical treatment will not be at-

tempted here; consideration will be limited to the equi-
librium case and, in particular, to the simple circuits 
described. 

II. ANALYSIS 

In order to deal analytically with circuits and devices 
it is necessary to have analytic expressions for the de-
vice characteristics. For small-signal analysis this is rela-
tively easy. In large-signal applications, as in switching, 
the situation is not so simple. The problems arise be-
cause of the high degree of nonlinearity, wherein the 
simplifying assumptions employed in small-signal analy-
sis are by no means valid. Furthermore, it is desirable 
to retain dc terms in many cases. 
The method to be employed here is the so-called bro-

ken-line method which involves approximating the neg-
ative-resistance characteristic by three intersecting 
straight lines. The assumption is made that there are 
three distinct regions of operation, in each of which the 
device is separately linear but involving different pa-
rameter values for each region. 

REGION 

CURRENT 

REGION Ill 

Fig. 12—Broken-line idealization of negative-resistance 
characteristic—division into regions. 

The approximation is shown in Fig. 12. The assump-
tion that the negative-resistance characteristic can be 
simulated by three straight lines is reasonably valid for 
gross considerations; for fine detail near the turning 
points the approximation is by no means accurate al-
though affording zero-order information. 
Preparatory to the analysis of the negative-resistance 

characteristics, it is necessary to obtain analytic expres-
tions for the transistor currents and voltages. This in 
turn involves the following steps: 
1. identification of the three regions in terms of the 
device characteristics, 

2. idealization of the device characteristics to obtain 
simple, linear relations, and 

;' 
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3. evaluation of the device parameters in each of the 
three regions. 

Fig. 13 is a family of open-circuit characteristics for a 
typical switching-type transistor. Specifically, in small-
signal terms, 

TABLE I 

SMALL-SIGNAL EQUIVALENT CIRCUIT DEFINITIONS AND RELATIONS 

Also, 

Parameter 

R11 =  —07] h 

ay. 
Ri2 = 

ay. 
R21 =  —  

01, ] re 

0 V, 
R22 =  —a-1]  

Equivalent Tee 

RI, = Ti + rb 

R12 = r), 

R?i = r„, rb 

R22 =  r, + rb. 

aie l  R21 ras = — = 
al. yr R22  + rb 

The above set, normally employed for small-signal 
analysis, will be assumed to be constant within a given 
region but changing in value from region to region. 

Identification of the Three Regions 

It may be recalled with the aid of Fig. 12 that the 
negative-resistance characteristic consists of a negative-
resistance region bounded on each side by a region of 
positive resistance. Thus the device is first passive in 
nature with little or no gain, then very abruptly exhibits 
considerable gain with the resultant negative resistance, 
and finally becomes very abruptly passive again with 
little or no gain. 

It would seem quite clear that abrupt changes in the 
transmission properties of a device should be associated 
with equally abrupt changes in the forward transfer 
characteristic. In the case of the transistor, the behavior 
of the forward transfer properties is given by the for-
ward transfer impedance, R21. 
Examining the R21 family in Fig. 13, it is seen that in 

the normal, positive emitter current region the slope, 
R21, is high, indicating the possibility of high forward 
gain. When I, is negative, however, the slope is zero or 
nearly so, changing very abruptly at /.= O. Further-
more, it is to be noted that as I, is made negative, the 
collector voltage is unaffected, remaining constant for 
further change in I,. Thus it may be said that the col-
lector voltage is saturated.' 
If, on the other hand, the emitter current is increased, 

at constant collector current, it is found that at a critical 
emitter current the slope again becomes zero or nearly 
so. There are also two further observations: First, the 

8 It is tacitly assumed that in the relation y=f(x) there are ex-
tremes at which y becomes essentially constant and independent of 
further change in the independent variable x. The point farthest 
removed from the origin at which the dependent variable becomes 
constant is termed "saturation". The point closest to the origin at 
which the dependent variable becomes constant is termed "cutoff". 

collector voltage is reduced to a very small value and, 
second, that the critical emitter current is related to the 
collector current. From the small-signal relation, 

or 

Ve — R211e + R 22 1. 

V, = R22a/e R22/e, 

(2) 

(3) 

the critical emitter current for collector-voltage cutoff 
may be obtained by setting V, = 0, as, 

le 
= — — • (4) 

a 

This relationship is dual to the grid voltage-plate 
voltage relation in tubes for plate-current cutoff, as 
= —(V/µ). The criteria for defining the three re-

gions are thus established as 

Region I (collector-voltage saturation): I. < 0, 

IC 
Region II (active): 0 < 1, < 

a 

Region III (collector-voltage cutoff): I, < — IC — • 
a 

(5) 

(6) 

(7) 

The identification of device parameters will be made 
for the several regions by a single prime for Region I as 
r11, none for Region II as r,, and three primes for Region 
III as  

Linearization of the Characteristics and Approximations 

The next step is to linearize the characteristics and to 
make suitable approximations in order to obtain simple 
linear equations of the terminal currents and voltages. 
The relations which require linearization are the device 
parameters R11, R 12 9 R 21,  and R 22, which are in general 
functions of the currents as Rif =AI], 12). 

Linearization of R11 and R 12 

In terms of the equivalent tee circuit, which has been 
and will be employed, RH is given as Ro =r,-1-rb. Also, 
R12 = rb. It is convenient to separate r, and rb and discuss 
each separately since rb is fairly c6nstant and r, will 
have widely different regional values. 
In the R 12 family of Fig. 13, it may be seen that R 12 or 

rb is fairly constant in all three regions, and will be so 
taken here. Furthermore, in the simple circuits under 
consideration, external base resistance R b has been in-
serted so that minor variations in rb in the total of 
rbd-Rb are inconsequential since usually Rb>>rb. The 
approximation that rb is constant is subject to review 
where finer detail is necessary, particularly at low emit-
ter currents where the rate of change of rb is at a maxi-
mum. 

The emitter resistance r, is approximately the resist-
ance of a diode in the forward direction. As such, r, is 
high when the emitter current is negative and low when 
the emitter current is positive. Experimentally, it is 
found convenient to give three values to r, and hence to 

1 
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Fig. 13--Static characteristics of the M 1689  developmental switching-type transistor. 

R11, one for each region as shown in Fig. 14 . This recog-
nizes the nonlinearity with I, in the forward direction 
and assumes that a single value in the reverse direction 
is sufficient. As the circuitry becomes more sophisti-

cated, a more precise approximation will undoubtedly 
he required, particularly near /, =O. 
It may be noted that in the functional relation 

r11 =j-(/„ le) that Rii is taken to be a function of /, only. 
The contribution of /, is to shift the characteristic in 
voltage by rhare increments. Thus the relationship of 
, V. =f(I„ le) can be written very simply as 

I =  R111.  RI2 1c• (8) 

Since the problem has been linearized  to  first-order  
terms only, the currents and voltages are  total  instan-
taneous or dc values as indicated by the  ca pital  letters.  

i Idealization of R21 

As indicated previously, R21 will be small in Regions I 1 and III and large in Region II.  Since  R21  = r.  + ro, R21 can 
be no less than rb; the definin g approximations  will  be  
applied to r„,. In Region I, when the emitter current is 

I negative, r„, is taken to be zero and reflects the  devi ce 
approximation that the emitter current,  under  this  con-
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Fig. 14—Idealization and regional division of 
input characteristic (Rn). 

dition, is entirely electron current. This is not always a 
true approximation, particularly near I, =0, and limit-
ing tests are employed in transistor testing. 
In Region II, r„, has, of course, high values and, in 

general, r„>>rb. Pending further investigation, r„, will be 
assumed finite but very small in Region HI. 
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Idealization of R22 

In the output family of Fig. 13 it may be noted that 
R22 has two values, a high value for I.> —al*1 and a low 
value for /c < —al.. The high value corresponds to Re-
gions I and II and the low value to Region III. To a first 
order the two values are separately constant, which was 
not true of earlier transistors in which R22 underwent ex-
tensive degradation in magnitude as /, and I. increased. 
The lower limit to which R22 can fall in Region III is 

rb since R22 =rc-Frb, implying that r, is zero in Region 
III. This is approximately, but not accurately, true. As 
aI. approaches — /c in magnitude, the voltage across the 
collector barrier becomes nearly zero so that 7., has a 
low, but finite, value. Under this condition, the hole 
current is very high and heavy conductivity modulation 
of the collector barrier resistance occurs. Thus the col-
lector resistance in Region III is indeed quite low and 
may be neglected for many circuit computations. 
In the functional relation R22=f(/., lc) it has been 

assumed that R22 is a function of /, alone. Also, the ap-
proximation involves first-order terms only, and hence 
the functional relation Vc=f(I., I.) may be written as 

= R211.  R22Ic.  (9) 

Here again, as in the input case, the currents and volt-
ages are total instantaneous or dc values as indicated 
by the capital letters. 
It is believed desirable, however, to give one more 

consideration to the output relations. When I.=0, the 
collector characteristic is approximately that of a diode 
in the reverse direction. A diode has low reverse resist-
ance until the voltage across the barrier exceeds a few 
tenths of a volt, and then has quite high resistance, 
approaching infinite slope in the case of junction di-
odes.9.10 This effect is shown exaggerated in the idealized 
output family of Fig. 15. The current and voltage at the 
break in the ./. = 0 curve have been termed /co and Vco, 
respectively. h4 and lico are quite evident in junction 
devices; in point-contact devices they are not nearly so 
evident due to the lower value of R22 and the higher volt-
ages and currents normally employed. Where currents 
and voltages are of the order of several milliamperes and 
a few volts, ho and Vco may normally be neglected. hp 

and Vco do have considerable interest to the device de-
signer, however. The net circuit interpretation of ho 
and 17co is to effectively transfer the current-voltage axis 
from 0, 0 to /co, Vco. Therefore, 

Ve — 7,0 = R21re  icO) R22 

or 

— 17,0 = (r„,  rb)I. + (lc — !0)(re  rb)• 

(10) 

(11) 

Making the approximation that 17a= /co R22"  and re-
arranging, (10) becomes 

' See footnote reference 2. 
" W. Shockley, "Holes and Electrons," D. Van Nostrand Co., 

Inc., New York, N. Y., p. 91; 1950. 

V. — LoR22" + !coRn = R51/. + /cR22  (12) 

or 

/,0(R22 — R22 ") = R211. + [142, (13) 

which is of the usual form except that a small dc gene-
rator of magnitude /co(R22— R221") has been added in se-
ries with the collector. Since R22 = rc+rb and R22"  = 

+rb, 

Ico(R22 f R22"') = Ico(rc — re'''). (14) 

The output family equation with equivalent circuit 
parameters is then 

Irc — /co(rc — re'") = (rn. ra. (r.  rb)le.  (15) 
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Fig. 15—Idealization and regional division of 
output characteristic (R22). 

Summary of Idealization of Characteristics 

The results of the idealization of the device character-
istics are summarized in Fig. 16. Here are given analytic 
expressions for the input and output voltages in terms of 
the input and output currents; the regions are defined 
symbolically and by typical values; and an equivalent 
circuit is given. It may be noted that the equivalent cir-
cuit is identical to the small-signal equivalent tee, 
excepting the small dc generator /co(r, —r.'") which usu-
ally may be neglected when dealing with contemporary 
point-contact transistors. 

To obtain any of the negative-resistance characteris-
tics it is only necessary, first, to solve the two, equations 
simultaneously for the appropriate voltage in terms of 
the appropriate current, and then, second, to insert into 
the resultant equation the proper parameter values, re-
gion by region, to obtain three equations. These equa-
tions, when plotted, result in an idealized characteristic 
similar in form to that of Fig. 12. A detailed example 
plus synopsis of the properties of the several connections 
will be given in the following subsection. 
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rite Alpha or Current Gain Factor" 
The derivation just given has been in terms of the 
quivalent circuit parameters, r„ rb, re, and r„,. Another 
:ircuit factor, alpha or the short-circuit current gain, is 
tlso quite useful. Alpha has been defined in Table 1 as 
he negative ratio of the incremental change in output 
:urrent to the incremental change in input current un-
kr the condition of short-circuit output terminals. 
Thus alpha is restricted in interpretation to a specific 
levice termination, and care should be taken in the em-
)loyment of alpha when other terminations are involved. 
For example, the circuit current gain under general con-
litions is given by R2OR22'. The ratio R21'/R22' has been 
ximetimes termed a,. Thus, 

R21' re ± Rb  r.,, 
ac = 

R221 rb  Rb re + Re 
(16) 

Depending upon the magnitudes of Rb and R,, the 
:wocurrent-gain ratios may be markedly different. In 
Region II, where r„, and re are very large, the effects of 
,Rb and R, in (16) often may be neglected. The circuit 
:urrent gain, ac, may then be taken as the device alpha. 
In Region I, r„, has been taken as zero; hence, the cur-
-ent gain will be somewhat less than unity, given by 
:rb+Rb)/(rb+Rb+re+Re), and is definitely not zero. 
Equally, in Region III, the circuit current gain is not 
tero, but rather approaches the ratio (rb+RbArb+Rb 
-FR,). If Rb>>R,, the ratio is nearly unity. 

Analysis of Negative-Resistance Characteristic 

The objectives of the circuit analysis, as stated previ-

Dusly, are 
1. to determine operating conditions, such as proper 
values of loads, biases, trigger sensitivities, and 
operating currents and voltages, 

2. to determine relationships of device parameters to 
the circuit behavior in order that these parameters 
may be optimized, properly characterized and 
controlled for required circuit performance. 

For example, the trigger sensitivity may be given by 
the voltage difference between the load-line intersection 
with the Region I portion of the characteristic and the 
upper peak or turning point of the characteristic as 
shown in Figs. 6, 7, and 9. The sensitivity A is thus de-
termined by the nearness of the bias point to the peak 
of the characteristic. Since the bias is normally fixed, 
variations in the sensitivity will arise from variations in 
the peak point. Thus it is necessary to know the rela-
tionships which determine the currents and voltages of 
the peak and valley points in order, first, to achieve a 
design and, second, to establish controls on the proper 

device parameters. 
In this example the emitter negative-resistance char-

acteristic will be solved and analyzed. The solutions for 
the other characteristics follow in the same manner and 
will be summarized. 

" This section is inserted parenthetically as clarifying material 
due to the use of the a-factor in the subsequent discussion. 

Evaluation of Emitter Characteristic as an Example 

To obtain the emitter characteristic, it is necessary 
to solve the two equations of Fig. 16 for V. in terms of 
I,. The equations as given are for the short-circuit 
case. Since the general case will involve external par-
ameters as R. and Re, the equations will be modified to 
include these parameters. 

V t. M. (r( + rb) I f  r b IC 

Vc ( - rc'") T -CO I' (rm + rb) Ie + (r, + rb) lc 

PARAMETER 

REGION re rb re r, 

SYMBOL TYPICAL SYMBOL TYPICAL SYMBOL TYPICAL SYMBOL TYPICAL 

I 
1:r 
In 

re' 
re 
rf"' 

100 K 

ioo 

25 

rb 

rb 

rb 

160 

160 

50 

rc 

rc 

rcm 

20 K 

20 K 

70 

rn4 

rm 

I'M" 

o 
50K 

30 

lc° - 50p.A 

Fig. 16 —Broken-line transistor equations, regional para meter values, 
and equivalent tee circuit. 

The effects of external parameters may be applied 
very easily since 

and 
V .  =  .7  fl  I.R. 

V, = — 

(17) 

(18) 

where V. and V„ are supply voltages; V. and V, are 
measured from the appropriate terminal to the far end 
of the external base resistor. External Rb adds directly 
to rb. Thus the two equations become 

V,. = R,  rb -f- Rb)I.-F (re + Rb)l,  (19) 

V„, (r, —  

= + rb + Rb)!. + (rb  Rb  r,  ROI..  (20) 

In manipulation of (19) and (20) it is often more 
easy to do so in the functional form, 

Vi = + Ri21/2 (21) 

172  11 4- R22 I 12, (22) 

with substitution at the evaluation stage. The R"s here 
include both device and circuit parameters.'2 
Solving (19) and (20) simultaneously, the following 

relationship between V. and I, is obtained: 

(rs Rb)(rb + Rb  
I', = [r. +  R. -I- rb  Rb  le 

rb Rb -I- + Re 

—  
 (rb Rb). 
rb  Rb +  re + 

(23) 

12 Here the pri mes indicate generalized open-circuit driving-point 
resistances rather than reference to Region I. The duplication of sym-
bols is regretted. 
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Equation (23) is general for the given circuit; it 
suffers, however, in difficulty in interpretation due to 
the numerous terms. In the regional evaluation to fol-
low, approximations will be made which bring out the 
significant factors although decreasing the accuracy 
somewhat. The (re—re'")./e0 term will be neglected. It 
is assumed also that large external base resistance Rb 
is employed. 

Evaluation in Region I 

In Region I, from Fig. 16, r„, is zero and r.' is large 
so that r.'>>(rb-i-Rb). Also, by assumption, ri,<<Rb• Ap-

plying these approximations, (23) becomes 

VRb   
(24) 

Rb r,  R, 

Equation (24) is the equation of a straight line, hav-
ing slope r,' and an intercept on the voltage axis at 
(V„Re)/(Rb-l-re+R,). The small-signal input imped-
ance is just the slope value r,'. 
The short-circuit case where R, is zero is the most ad-

verse device condition in the sense that the dc term 
will then be most dependent upon device parameters. 
When R, =0, (24) becomes 

VeRb 
11,1 r,'I,  (25) 

Rb ± re 

Evaluation in Region II 

In Region II all parameters are finite and the only 
approximations which may be made are rb<<Rb and 
r.<<R,. Thus, 

V„Rb 
[Rb Rb(Rb  ./. ( 

Rb r„, Rb r,  26) R, 

If Rb is not too large, it may be approximated that 
(Rb-Fr.)/(Rb-Fr,) =a. Taking R, =0, thus, 

VeRb 
Val  Rb(1 — a) +  (27) 

Rb Y,, 

Equation (27) is also the equation of a straight line 
having the voltage axis intercept of (VeRb)/(Rb-i-re) 
the same value as in Region I. The slope, Rb(1 —a), is 

negative provided a >1. 

Evaluation in Region III 

In Region III it may be assumed that rb<<Ro, 
r,'"<<Rb, and r„,'"<<Rb. Other suitable approximations 
will depend largely upon the magnitude of R. From 
(23) 

Vein Rb 

VeeRb  

+ Re + R, 

Rb(Rb   
1, 

Rb rem R, 

(28) 

If R, is large, that is, large compared to r," but small 
compared to Region II rc, then (28) becomes 

November 

RbR, VRo 
Vim  +   (29) 

Rb  +R.  Rb 

Under these conditions, the circuit is essentially in-
dependent of device parameters. This is useful where a 
high independence of device parameters is required, but 
does not focus the attention upon the device parameters 
as does the R,—)0 case. This is the condition under 
which the transistor might be operated when it is de-
sired to obtain the maximum ON current, or con-
versely, the minimum internal switch resistance. 
Where R„ =0, (28) becomes, 

Fent  [r,"' — re,'"[/, -1- V,. (30) 

Since r." and (r," —r,.") are quite small, the short-
circuits currents may be very high. Where the tran-
sistor is considered as a switch between emitter and 
collector circuits, the "switch" voltage drop, as V,,, is 
given by the first term of (30). 

Evaluation of Region I—Region II Transition 

Earlier trigger sensitivities were mentioned as being 
the small voltage and current differences between the 
turning points of the negative-resistance characteristic 
and the stable operating points. The determination of I 
the turning points and their stability is of great impor-
tance since it is usually desired to obtain maximum 
stable sensitivity. The voltage and current at the two 
turning points" have been given the subscript p and 
v for the low- and high-current conditions, respectively, 
as shown in the synopses (Figs. 17, 18, and 19). V. and 
I,„ in the short-circuit or R.= R,=0 case, for example, 
may be obtained by a simultaneous solution of (24) 
for Region I and (27) for Region II. Thus, 

V,Rb 
VI, (31) 

Rb  re 
and 

I,„ = 0. (32) 

That the low-current turning point falls on the emitter 
current axis, i.e., I.„= 0, is a consequence of the original 
assumption that r„, =0 for  <0 and r„, >0 for I, >0. 
This is not a precise assumption, and the turning point 
will usually lie slightly in the pOsitive emitter-current 
region. For very small triggers or more accurate calcu-
lations, consideration must be given to closer approxi-
mations of r„, =f a.) and Ril =f2(I.). 
The consequences of (31) can be quite serious. V, and 

Rb are, of course, fixed, but re is variable from unit to 
unit, with temperature and perhaps with life. The vari-
ability of V. can result in failure to trigger, self-
triggering, or lock-up at high current. 

Evaluation of Region II--Region III Transition 

The high-current turning point for the short-circuit 
case is determined from a simultaneous solution of the 
pertinent equations for Regions II and III, (27) and 

• 

" Sometimes termed "peak" and "valley." 
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E (30). Thus, 

V.r. 

Rb(1 — a)(r, 

re(r,"'  re"' —  
V.„  V.[.1 - -   

(r<  RoRb(1 — a) 

(33) 

(34) 

Where it may be approximated that r.>>Rb, as has 
already been done in bringing in a, (33) and (34) 

become 

Rb(1 — a) 

V „ V. [1 +  r̀ "1  r'*" 1, 
Rb(1 — a) 

(35) 

(36) 

In this order of approximation, V„ is nearly equal 
to V. Any variation in the lower trigger point is pri-
marily with I„, due chiefly to any change in a. It is 
interesting to note that the trigger point will move along 
the Region III curve given by (30). 
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Fig. 17 Synopsis of emitter negative-resistance 
characteristic and properties. 

The ratio of V., to V.,, is often of interest to estimate 
voltage swings or perhaps as a design objective in 
some switching circuits. Thus from (36) and (31), 

V.,  [14(1 — a) + rem  -I- re" — rThm ](Rb -I- re) 

V.  Rb2(1 — a) 

If r" +re" —r„,"<<Rb(1 —a), then (37) becomes 

V.  Re + 

'fp R,, 

(37) 

(38) 

If Rb is very large, the ratio approaches unity with 
the implication of the existence of only two regions. 
This is equivalent to saying that the negative resistance 
becomes infinite over an infinitely short range. The 
proper choice of Rb in terms of (38) may well be a design 
problem where it is desired to have a high ratio of V. 
to V„, as in lockout circuits. 
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GENERALIZED COLLECTOR CIRCUIT 

SIMPLIFIED COLLECTOR CIRCUIT 
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v, 

Fig. 18—Synopsis of collector negative-resistance 
characteristic and properties. 

Synopses of Negative-Resistance Characteristics 

Synopses for the three negative-resistance character-
istics are given in Figs. 17, 18, and 19. The solution 
and analysis procedures are the same as outlined for 
the emitter characteristic. It should be noted that the 
base characteristic is short-circuit stable in distinction 
with the emitter and collector characteristics which are 
open-circuit stable. It would have been more appropri-
ate to solve the base circuit in terms of conductances 
rather than resistances. The magnitudes of negative 
resistance obtained in this connection are quite low, 
which may he misleading; the negative conductance is 
quite high, however, which is desired in short-circuit 

stable negative-resistance circuits. 
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Care should be taken in the literal employment of the 
approximate regional relationships in Figs. 17, 18, and 
19. They are very definitely approximate, and are in-
tended to illustrate behavior and the limiting condition 
only to bring out the relative importance of device 
parameters. It is suggested that calculations be started 
with the general case and approximations be made as 
are valid. For example, the conclusion is reached in the 
collector characteristic that the negative resistance 
(Region II) is independent of the base resistance or 
feedback This is true for only the limited range where 

'by 

-Vb 

Fig. 19—Synopsis of base negative-resistance 
characteristic and properties. 

Example of Calculated and Experimental Characteristics 

An example to illustrate the analysis is shown in Fig 
20 where both experimental and calculated characteris-
tics for the emitter circuit are given. In this example 
there is appreciable load resistance; hence, r,'", r,m , 
and r„," are of no consequence since they will all be 
very small compared to the R, of 2.2 K ohms. Also, 
Rb=6.8K ohms is much greater than rb; hence, rb can 
be neglected. Since V, is —45 volts, the /co term may 
also be neglected. 
Computing V., first, 

—  VeRb — 45(6 . 8K) 
Rs +rV„   

+ R.  (6.8K + 19K = 2.2K) 

= — 10.9 volts. 

The calculated value of —10.9 volts compares quite 
favorably to the measured —11.0 volts. 
Region II is given in this case, approximately, by 

Rb(Rb + r,,,) vcRo  
V. = [Rb  Id + P (40) 

Rb + re + Rti r, + R. 
or 

6 . 8K(6 . 8K + 50K) ) 
= (6.8K + — 10.9, (41) 

6.8K + 19K + 2.2K 

= (-8.9K)/. — 10.9. (42) 

The first term is of course the slope in Region II and 
is the magnitude of the negative resistance. The calcu-
lated value is —8900 ohms whereas the measured value 
was approximately —9200 ohms. 

The Region III approximation, derived also from the 
general relationship, is 

(RbR,) V,Ro 
—  /1 +   (43) 
Rb Re R6 +R. 

(6.8K)(2.2K))  45(6 . 8K) 
V. —   =   (44) 

6.8K + 2 . 2K  6.8K ± 2.2K 
or 

V an = (1785)1, — 34. (45) 

The relation for Region III agrees quite well in slope 
but not in dc value, as may be seen in Fig. 20. Since in 
this example the Region III behavior is determined es-
sentially by the circuit parameters, it is surmised that 
the nominal 45-volt battery employed in taking the 
data was actually 47 volts. 
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Fig. 20— Experimental and calculated emitter 
negative-resistance characteristic. 

The Region I check is essentially perfect since the 
approximation given in Fig. 17 is quite good. 

(39)  Note the error at the intersection of Regions II and 

1 
. ' 
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III. The broken-line method predicts a sharp transition 
whereas the actual case is gradual. The deviation is due 
to the gradual changes in r„, and re as the collector 
voltage approaches cutoff and is the largest gross error 
in the approximation. 

Summary—Analysis 

It is believed that analysis of this sort will reasonably 
predict circuit behavior and lead to device requirements. 
There must be a thorough understanding of the ap-
proximations involved, and the accuracy will be di-
rectly related to the degree to which the original ideal-
ized characteristics are approximated. Extended, by 
means of more than three broken lines, the method will 
yield fine detail to the degree to which device parameters 
are known and patience N% ill permit. Transient behavior 
and analysis have not been discussed and are needed 
for a more complete understanding, particularly where 
transitional speeds are of concern." 

III. SWITCHING-TYPE TRANSISTOR PROPERTIES 

An examination of the circuit approximations given 
in Figs. 17, 18, and 19 will reveal that the transistor 
and circuit designers will want to know nearly all there 
is to know about device characteristics. This is not par-
ticularly surprising since the device is used over its 
entire range rather than over a limited portion as in the 
case of small-signal applications. The same examination 
of the circuit relations will also show that virtually all 
of the device parameters should be constant from unit 

to unit and with ambient conditions. 
It can be shown that for small signals a device may 

be uniquely characterized by five measurements. In 
terms of the parameters used here these might be R21, 

R12, R221 R21, and the dc bias point or, equally, r„ rb, 
r„ r„„ and the bias point. Since the problem was linear-
ized in the approximation, it follows that 15 such meas-
urements, five in each region, are necessary for proper 
switching-device characterization. The indicated ex-
tensive testing required may be reduced somewhat by 
suitable approximations. It is clear, however, that the 
switching-device designer and producer must reconcile 
themselves to making more tests for accurate charac-
terization than when small-signal devices are concerned. 
What will be given here is a description of typical 

developmental switching transistors in terms of the 
parameters which have evolved as a result of practical 
approximations. The method will be to discuss device 
properties and measurements region by region, then to 
discuss the properties at the transition points. Tem-
perature, frequency, and life behavior will be taken up 

separately. 

" A treatment of the transient behavior between regions is given 
in B. G. Farley, "Dynamics of transistor negative resistance," PROC. 
I.R.E. , vol. 40, p. 1497-1508; this issue. Analysis and solution for 
the periods of the monostable and astable cases, assuming infinite 
region-to-region transition .speed, are given in G. E. McDuffie, Jr., 
"Pulse duration and repetition rate of a transistor multivibrator," 
Paoc. I.R.E., vol. 40, pp. 1487-1490; this issue. 

Region I Properties 

In Region I, the emitter current is negative. Hence 
the emitter resistance r,' is large, and is essentially that 
of a diode in the reverse direction. At present r.' is 
measured by a simple dc test of the current which 
flows at a nominal —10 volts. Both r.' and rb will be 
discussed further under the Region I—Region II tran-

sition properties. 
The Region I collector resistance is one of the most 

important parameters in switching. This is because of 
its determining nature in the turning-point voltages in 
Figs. 17, 18, and 19. Actually, what is of concern is not 
the small-signal slope shown as r015 in Fig. 21 but 
rather the dc current and voltage relationship shown 
as ra. For example, in Fig. 17 it may be seen that V., 
is given by the voltage drop determined by the product 
of Rb and the dc collector current. 
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Fig. 21—Idealized output characteristic illustrating parameters. 

Fig. 21 is an idealization of the R22 characteristic, and 
has been designed to bring out the diode nature of the 
collector by emphasizing the saturation current and 
voltage, F00 and 17,0. In junction devices the break in the 
I. =0 characteristic at /co is quite evident, whereas in 
present point-contact devices the transition is smooth 
due to the much lower values of r,„ The device signifi-
cance is the same, however; /es varies rapidly with tem-
perature whereas r, varies at a considerably lower rate. 
In junction devices the proper measurements would 

be of ho and r.. Since 'Co is difficult to define in point-
contact devices, ra has been measured as an approxi-
mation. In the idealization, re, and ra, are related, as 

Jon) 
fel di   r.. (46) 

l he actual parameter is:of course R,,; but since Rio med-rb and 
re<<r., R22 is taken as N. 
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The measurement of rco is made at a collector voltage 
which is typical of the applications in the range of per-
haps —10 to —45 volts. 

A constant dissipation line has been drawn on Fig. 21, 
which reveals the desirability of having rco very large 
in order to operate at higher voltages and to secure high 

efficiency through lower dissipation in the OFF or rest 
condition. 

Region II Properties 

The Region II low-frequency properties are essen-
tially identical to those of transistors intended for small-
signal applications. A possible exception is the some-
what less attention paid to the base resistance, rb, which 
is critical to small-signal applications. The character-
ization consists of a normal small-signal set plus de 
bias values. Typical distributions are given later. 

Region III Properties 

The Region III properties have been defined largely 
by a figure-of-merit measurement shown as Vc(3, 
—5.5) in Fig. 21. This measurement is the voltage 
from collector to base under the condition that I.> 
—Ida. In this instance I. has been chosen to be 3 
ma and I. to be —5.5 ma. The collector current value is 
chosen on the basis of the smallest tolerable value of 
alpha expected so as to place the point of measurement 
near the R22 knee, but definitely in Region III or over-
load. 

The V.(3, —5.5) measurement is a good measure-
ment for defining the general behavior. Vc(3, —5.5) 
taken with the rco measurement constitute a very good 
defining set for checking the transistor as in remeasur-
ing For design purposes, the V,(3, —5.5) measurement 
is not sufficient. It provides an approximate value for 
re", but does not define r," and r„,'". A second dc 
measurement, the collector to emitter voltage drop, 
V„, has been employed experimentally also. An im-
proved characterization will undoubtedly involve sep-
arate measurements of r,", rb,", and rc'''. 

Region-to-Region Transition Properties 

The transition between Regions I and II is ac-
companied by abrupt changes in r, and r„,. 
The theory assumes that both of these parameters 

change at an infinite rate at a fixed emitter current, 
taken as I.= 0. Unfortunately, neither of these as-
sumptions is trictly true; r, undergoes a gradual change 
from high to low values, which is only approximated by 
the three assigned values. In particular, the behavior 
near I,=0 is of concern when dealing with small trig-
gers. 

The forward transfer impedance changes at a finite 
rate also. Furthermore, the emitter current at which the 
maximum rate of change occurs will vary from unit to 
unit. Present practice also has been to measure a rather 
than r„,. The rational for doing so is not too good since 

r„, is quite likely the better parameter to characterize. 
Alpha, however, has a strong physical appeal, fits well 
into the circuit problems, and is easy to measure. 
Since a = (rbi-r„,)/(rb-l-r.), it is necessary to assume 

that rb and r, are constant near 11=0, an only fair 
approximation. Having made the approximation, the 
typical a behavior shown in Fig. 22 may be taken as a 
measure of r„,. Three values are measured, the first of 
which, al, in Region II, is redundant to the Region II 
small-signal measurements. The two limits, a2 and a2, 
serve to place lower and upper limit on the absolute 
values of a at the Regions I-II transition. These limits 
in turn place a lower value on the rate of change in a 
within the I. +A range shown. 

-0 I 0 1  I  1  I I , I  
0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8 
EMITTER CURRENT, I, IN MILLIAMPERES 

Fig. 22—Alpha characteristic. 

0.9 1.0 II 

It may be noted that a in Region I is finite. There is 
a lower limit even though r„, is zero since al—i(rb/rb 
-Frc). The values normally encountered at /, =0—s are 
usually in excess of this lower limit. 

The feedback resistance rb tends to rise as /,--)0, 
which may be iMportant to some trigger circuits. As the 
circuitry becomes more sophisticated,_ it is expected 
that more attention will need to be paid to the be-
havior of r„ r„„ and rb at and near I, =0. 
The transition from Region II to Region III is deter-

mined from the relation I.= —(Id'a). The problem is 
quite similar to the control of the µ factor in tubes 
where plate-current cutoff is given by V6 = — ( V„/µ). 
Present practice has been to depend upon the al values 
and upon the lower limit placed on alpha in the V,(3, 
—5.5) measurement. Further effort is needed here also. 

Typical Parameter Values and Distributions 

Integrated distribution curves for the parameters of 
a typical developmental switching transistor are shown 
in Fig. 23 The unit-to-unit variations are deemed to 
compare favorably with those of commercial electron 
tubes. The parameter of most serious variability is rco, 
which is unfortunate since rro is so important to trigger 
sensitivity stability. 
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'emperature, Frequency, and Shock Properties 

Transistor parameters are reasonably constant with 
..mperatures below room temperature. Above room 
.E..mperatures some of the parameters are variable: r1 
nd sr, are fairly constant, changing very little to 
0°C; r, and r„, decrease fairly rapidly, maintaining a 
atio so that alpha rises slightly; r.' and re° change 
lost rapidly and, while both of these parameters are 
f little consequence in small-signal applications, they 
re quite important in switching, particularly rco. 
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Fig. 23—Variation in parameters of developmental 
switching-type transistor (M1689). 
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Variation in characteristics will arise from self-engen-
dered heat, that is, dissipation. Transistors may be 
thermally unstable under constant-voltage conditions. 
Since the switching properties are exhibited under short-
circuit or constant-voltage terminations, thermal prop-
erties are of concern. The limitations involved are 
similar to those of any positive feedback circuit. If the 
thermal loss through radiation and conduction exceeds 
the heat input, the system will be stable. The practical 
significance is to place limitations on dissipation and to 
employ designs which result in rapid heat loss. Other 
design criteria, such as miniaturization, may limit the 

latter. 
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Fig. 24—Temperature behavior of characteristics of developmental 
switching-type transistor (M1689). 
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Early transistors might exhibit a change in ra at 
60°C of 3-to-1 or more from room temperature values. 
The transistors, of which the data in Figs. 13 and 22 are 
typical, have an re) temperature coefficient of about 
—0.75 per cent/°C; that is, the room temperature 
value of rco might be reduced by 30 per cent at 70°C. 
The improved temperature behavior implies a cor-
responding reduction in variation in trigger sensitivity. 
Parameter values, large-signal and small-signal, are 
shown in Fig. 24 as a function of temperature. 

If perfect switching characteristics were obtainable, 
dissipation would be of little consequence in switching. 
This is akin to saying that neither a short-circuit nor an 
open-circuit dissipates any energy. Furthermore, the 
perfect device has zero transition time and therefore in-
volves no loss. The transistor has finite resistance, both 
open and closed, and a finite although rapid transition 
time. There is some advantage, however. A constant 
dissipation curve shown as a dotted line has been in-
cluded in Fig. 21. Small-signal operation at mid-range 
currents and voltages results in fairly low limitations on 
both current and voltage. The intersection with the Rn 
voltage saturation line (I.=0) is at fairly high voltage. 
Similarly, the intersection with the collector voltage 
cut-off line is at high current. For constant dissipation, 

approximately, 

17,2 
voltage saturation: Pa — 

reo 

voltage cutoff: Pd  re" —  

Depending upon the circuit, the assumed dissipation 
limit may or may not be exceeded during the transitions. 
Should the limit be exceeded, and substantially so, 
there are normally no serious consequences due to the 
very rapid transitions and consequent low thermal en-
ergy generated. 
Transistors may not be able to tolerate excess dis-

sipation on this basis if the circuits are slow, that is, 
with transition times in excess of perhaps a few tenths 

Is This includes both emitter and collector dissipation. See (30). 
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of a microsecond. Such conditions may arise, for exam-
ple, if loads are inductive. In many such cases, shunting 
capacitor networks will often permit a rapid transition 
with consequent transfer of current to the inductive 
load. 

The frequency response of point-contact transistors 
can be sufficiently good to insure switching-type opera-
tion with rise times of the order of 0.1 to 0.01 /a. Fall 
times may be somewhat longer because of the hole 
storage effect. In regenerative circuits, operating speeds 
are faster than might be imagined from the small-signal 
frequency cutoff. Reliable operation with rise times of 
0.1 ia is obtained with only nominal attention to fre-
quency cutoff. Speeds of the order of 0.02 pis require a 
10-mc lower limit. • Present junction transistors are sub-
stantially slower. 

Accurate life estimates are difficult to make because 
of the rapid rate of development, the relative age of the 
transistor, and the number of parameters involved. A 
given device is quite likely to be obsolete and forced 
to give way to an improved version before sufficient 
models can be obtained for life tests. A small quantity 
of transistors having properties similar to those of 
Figs. 20 and 21 have been operated for over 6,000 hours 
with an indicated life of 30,000 hours. Other similar 
transistors with longer life histories have indicated lives 
of better than 70,000 hours. The pattern appears to be 
similar to that of electron tubes—an early failure and 
change rate followed by a very slow exponential rate. 
It is believed that life is extended by low-power opera-
tion and is decreased by high-temperature operation. 
The relatively high noise level of transistors does not 

appear to be a significant problem, at present, when 
considered in terms of automata. Systems employing 
switching-type circuits in pulse communication will, of 
course, be concerned. It is suggested that the non. 
concern for noise in nontransmission type systems is 
largely a reflection of the ease with which high magni-
tudes of state changes are obtained. With design trends 
toward low-power and low-operating levels, noise will 
undoubtedly set a lower limit of level operation in such 
systems also. 
The extreme resistance of the transistor to shock and 

vibration with a consequent absence of microphonism 
may, in some applications, result in effective lower 

noise. Shocks in excess of 20,000 grams have resulted in 
no damage. No evidences of current modulation in ex-
cess of noise have been detected with vibrational forces 
of the order of 100 grams at frequencies as high as 1,000. 
cycles in tests on the transistor of Fig. 1. Transistors 
have been included in plastic-embedded circuits without 
change of characteristics. 

Summary—Transistor Properties 

Transistors have been designed with properties ex-
pressly intended for switching applications." The char-
acteristics are acceptable for contemporary switching. 
type circuits and sufficiently reproducible to permi 
interchangeability of devices in circuits of normal re 
quirements. The characterization has been sufficienti 
unique to permit the calculation of first-order circui 
performance. The characterization is not sufficienti 

complete to permit determination of the complet 
transient behavior. 

In terms of the circuits described, the major parame 
ter limitation is concerned with the variability of th 
dc collector resistance among units and with tempera-
ture. It is expected that future circuit development will 
place additional requirements on the transistor, par-
ticularly as related to the transitions between regions. 
It is also to be expected that future circuit designs may 
establish new or modify present device requirements. 
A major consideration for computer or computer-like 

systems, reliability, particularly with respect to time 
and temperature, has not been established, but appears 
to be favorable. 
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Graphical Analysis of Some Transistor 
Switching Circuits* 

L. P. HUNTERt AND H. FLEISHERt 

Summary—Methods for generating the entire input characteristic 
or the various terminals of a transistor are given together with pro-
:edures for the graphical analysis of three direct-coupled transistor 
ircuits. The circuits analyzed are a base input amplifier, a collector 

to emitter direct-coupled switching circuit, and a collector to base 
direct-coupled circuit. 

INTRODUCTION 

S
EVERAL PAPERS".3 have been published deal-
ing with the analysis of transistor circuits using 

small-signal four-terminal-network theory. Such 

analysis cannot easily be used for switching circuits be-

cause the large signals involved require many over-

simplifying assumptions about the linearity and uni-

formity of the transistor characteristics. The purpose of 

• this paper is to show a method of handling graphically 

the basic transistor collector and emitter characteristics 

to analyze some useful switching circuits without having 

to approximate or idealize the measured clnracteristics. 

The basis of most switching or trigger circuits is re-

generation or a negative resistance characteristic. Meth-

ods for graphically determining the resistance value of 

the negative resistance characteristics of some transistor 
circuits have been given before.* Methods of generating 

the whole characteristic containing the negative re-

sistance region by using only the basic collector and 

emitter characteristics have not been shown. 

In order to illustrate the method of generating base 

and emitter input characteristics, the performance of 

the circuit shown in Fig. 1(a) will be analyzed. This 

circuit represents a base input switching circuit. First, 

it is necessary to determine the input characteristic 

measured at the terminals A-A with the terminals 
B-B shorted, and the voltage of the generator Eb= 0. To 
do this, the conventional load line is drawn on the col-

lector characteristic shown in Fig. 1(b), and this load 

line is then transferred point by point to the emitter 

characteristic (at the top of Fig. 1(c) using the emit-

ter and collector currents as co-ordinates). This trans-

ferred load line is now the desired emitter input char-

acteristic under the conditions given above. 

Next, the input characteristic at the terminals B-B will 

• Decimal classification: R282.12. Original manuscript received 
by the Institute, June 18, 1952. 
t I.B.M. Corp. (Laboratories), Poughkeepsie, N. Y. 
1 R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 

transistor," Bell Sys. Tech. Jour., vol. 28, pp. 367-401; July, 1 

2 W. M. Webster, E. Eberhard,  and  1.  E.  Barton,  "Some novel 
circuits for the three terminal semiconductor amplifier," RCA Rev., 

, vol. 10, no. 1, pp. 5-17: March, 1949. 
3 R. L. Wallace, Jr. and W. J. Pietenpol, "Some circuit properties 

• and applications of n-p-n transistors," PROC. I.R.E., vol. 39, pp. 753-

; 767; J uly, 1951. 
4 L. P. Hunter, "Graphical analysis of transistor characteristics," 

I PROC. I.R.E., vol. 38, pp. 1387-1391; December, 1950. 

be determined with the terminals A-A shorted, and the 
voltage of the generator Eb=0. Since the collector and 
emitter currents add algebraically in the base lead and 

since with A-A shorted the base voltage is also the 
emitter voltage, the desired base characteristic' (shown 
at the bottom of Fig. 1(c)) may be obtained by adding 
the collector and emitter currents algebraically for each 
point of the transferred load line. In doing this the 
further assumption is made that I 17, 1 = I VbI «I 
which is usually true. 

•le 
CHARACTERISTIC 

AT A-A WITH %  TRANSFERRED  % 

INSERTED AT B-0 

CHARACTERISTIC F1D-B WITH A-A 
HORTED   

.1b 
tC) 

Fig. 1—Generation of special base and emitter input characteristics. 
(a) Circuit diagram. (b) Collector characteristic. (c) Composite 
emitter-base characteristic. 

It remains to generate the characteristic found at the 

terminals A-A with the resistance Rb inserted at the 
terminals B-B. To do this, several load lines represent-
ing Rb with different test values of Vb must be drawn. 
These are shown at the bottom of Fig. 1(c). Since it is 
assumed that all of these values of I Vb1<<IE,1 , we may 
consider the test generator producing this displacement 
of the Rb load line as connected across the terminals 
A-A. The currents through the terminals A-A cor-
responding to these test voltages may now be found 
by tracing the intersection points of the Rb load lines 
and the base characteristic vertically back to the trans-
ferred collector load line. The currents found in this 
manner may now be plotted vertically above the voltage 
intercept of the appropriate Rb load line. Such a char-
acteristic is shown as the heavy dashed line at the left 
of Fig. 1(c). 
The method of obtaining the stable dc operating 

point in the emitter plane is shown in Fig. 2(a), where 
the emitter resistor is drawn in as a conventional load 
line. It may be seen that if R. is su fficiently large, the 
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intersection with the emitter input characteristic will 
be at a single point even if the emitter input character-
istic has a negative-resistance region. An emitter load 
line, R.*, is also drawn in showing that, with a suitable 
choice of both emitter resistance and battery, bistable 
operation of the circuit may be obtained. 

05  1.0 

1  
(b) 

Fig. 2—Effects of emitter load (a) and base signal 
(b) on the emitter operating point. 

The translation of the emitter input characteristic 
parallel to itself along the voltage axis as a result of a 
base signal Eb, of magnitude less than I Ecl is shown in 
Fig. 2(b). The base signal is assumed to come from a 
zero impedance generator, and the dashed lines refer to 
the circuit containing Rb. 'The translation to the right 
occurs for a positive base signal (positive relative to 
ground). The emitter load is the solid straight line. 
Inspection of the operating points indicated in Fig. 

2(b) shows that without base feedback, and for an input 
signal excursion from Eb+ to Eb-, the emitter current will 
change from a small positive value to a somewhat 
greater value, resulting in a corresponding change in 
collector current. However, with the positive feedback 
obtained by introducing Rb, and for the same excursion 
of the input signal, it is observed that the change in 
emitter current is considerably greater, driving the 
collector to saturation in this particular case. 
In the example considered above, both the base char-

acteristic and the emitter input characteristic for Rb 

inserted in the base lead show negative-resistance 

regions. The condition necessary for such behavior will 
become apparent upon considering first the base char. 
acteristic. Since the base current is obtained by the alge.' 
braic addit on of the emitter and collector currents, it is 
clear that it is necessary for the collector current to 

increase in absolute value along the transferred load lin 
taster than does the emitter current in order to produce 
a negative-resistance region in t he base characteristic 
Since the transferred load line corresponds point by 
point (on the current co-ordinates) to the actual load 
line in the collector characteristic plane, the same con-
dition must be true along the load line. Thus, if a direc-
tional derivative is defined as 

at = — 
ale 

along the Ned linu 1 
then the necessary and sufficient condition for a negat i ve 
resistance region to appear in the base characterist it is 
a+ >1. It follows from this that, in the case of a short 
circuit load line, a transistor must have a >1 in out hr to 
be able to exhibit a negative base-input imped.ince, i 
(Here a has the usual definition of short circuit current 
gain.) By inspection of Fig. 1(c), it can be seen that it 
is possible to choose an R sufficiently large to intersect 
the base chariifteristics in three points if the base Char - 

acteristic con t tills any negative resistance region at 
And, thus, a negative resistance input characteristic at 
the terminals A-A can be obtained using any transistor 
of a>!. 

COLLECTOR TO EMITTER COUPLING 

The graphical representation of the volt-ampere 
characteristics may also be applied to other circuit com-
ponents whether linear or nonlinear, and in this way, 
entire circuits may be analyzed. As an example, the 
direct coupling between the collector of a transistor and 
the emitter of another transistor will be analyzed. 
Direct coupling may be desirable for several reasons: 

(1) The state of the system is preserved for an arbitrary 
period of time; and (2) the number of components re-
quired may be materially reduced. A direct coupled cir-
cuit is shown in "exploded" form in Fig. 3(a), and the se-
quential volt-ampere plots are shoitn in Figs. 3(b) to (e). 
'The collector characteristics for transistor 7'1 are 

shown in Fig. 3(b). Two of these are labelled "off" and 
"on," indicating, respectively, the collector character-
istic for zero emitter current, and the collector char-
acteristic for sufficient emitter current to drive the col-
lector into saturation. These are observed on looking 
into terminals A-A from the right, isolating the transis-
tor T1 from the circuit. 
If a battery, E2, is inserted in the base lead of T1 with 

the polarity shown, then the set of characteristics ob-
tained on looking into terminals A-A' from the right is 
that shown in Fig. 3(c). As can be seen on comparing , 
Fig. 3(b) and (c), this amounts to translating the col-
lector characteristics to the right along the voltage 
axis by an amount equivalent to E2. 
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The branch of the network consisting of the resistor 
'tRz in series with the battery E1 is also plotted in 
Tig. 3(c). This branch is shown across the terminals 
1.9-B or A-A'. The combination of the branch volt-... 
etmpere characteristic with the translated collector char-
tzcteristic is obtained by algebraically adding currents at 
t common voltage since the two are in parallel, and is 
0,1hown in Fig. 3(d). This is the set of characteristics ob-
;ained on looking into terminals B-B from the right. 

A' 

(d) 

Sk 

(a) 

TFIANSLATED 
COLLECTOR 
CHARACTERISTCS 

[EMITTER 
CHARACTERISTIC 
OF TRANSISTOR T2 

Fig. 3—Graphicil analysis of the direct coupling of two transistors. 
(a) Circuit diagram. (b) Collector characteristic of transistor 
(c) Translation due to E2. (d) Composiie with Et and RI. (e) 
Loading on the emitter of T2. 

At this point, the stage to he driven must be con-
sidered. The emitter volt-ampere characteristic (the 
transferred load line) of transistor T 2 is seen by looking 
into terminals B-B from the left. This is shown in 
Fig. 3(e). The modified collector characteristic of Ti, 
the driving transistor (Fig. 3(d)), may be considered as 
the load on the driven transistor's emitter. Graphically, 
this is accomplished simply by reflecting the char-
acteristic plot in the voltage axis, see Fig. 3(d) and (e). 
Thus, when Ti is "off," the emitter of T 2 is held at a 
very small value of current, and when T1 is "on," Tz's 
emitter is held at a value of high forward emitter cur-
, rent. By using a high a transistor as the driver, several 
emitters may be directly coupled in this manner. 1 

• 

COLLECTOR TO BASE COUPLING 

As a final illustration of the graphical approach to the 
design and analysis of transistor switching circuits, 
consider a "regenerative" current amplifier using two 
transistors in a collector to base coupling arrangement. 
This circuit is shown in Fig. 4(a), and the base input 
characteristic is shown in Fig. 4(b). The polarity sense 

(d) 

:4 

11.2 

I. 
*2 

........-

/3 • 0 vbz  

(A) 

Fig. 4—Graphical analysis of a regenerate current amplifier. (a) Cir-
cuit diagram. (b) Base characteristic of T. (c) Loading of the col-
lector of 
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(C) 

of both the base voltage and base current is preserved 
from the plot of Fig. 1, the axes having been redrawn 
to correspond to the conventional orientation. This base 
input characteristic is obtained on looking into ter-
minals B-B from the left. 
The transposed' collector characteristic of T1 is ob-

served on looking into terminals B-B from the right. 
This is shown in Fig. 4(c). The base input characteristic 
of T2 may be considered as the load line for T1 by re-
flection in the voltage axis. This is shown as a dotted 
line in Fig. 4(c). 
It is to be noted that the maximum point of this 

base input characteristic, labelled "A" in Fig. 4(c), cor-
responds to minimum collector current for transistor 
T2, while the minimum point, labelled "B," corresponds 
to saturation collector current for Tz, that is, the col-
lector current will not increase in magnitude appreciably 
beyond this value even if the base voltage is made more 
negative than its value at "B." Thus, if the character-
istics of transistor T 2 are assumed to be those shown in 
Fig. 1, with the same load Re, as sketched in Fig. 1(b), 
it may be seen that the saturation current for T 2 will be 
of the order of 7 ma, and the minimum current will be 
of the order of 1 ma. 
As shown in Fig. 4(c), the controlling emitter current 

T1 needs to swing through an excursion of about 1.5 ma 
to change the collector current of T 2 by 6 ma. Thus, at 
r„, =0 ma, Ja7  ma, and at /,„ --,•1.5 ma, ma, 
yielding an over-all current ratio 

6 As discussed for the circuit shown in Fig. 3. 

— 4. 
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With appropriate circuit constants, inc luding  the 
choice of EP, this over-all curren t ra tio may  be rea dily 
increased to 10 or more. 
If the quiescent operating con dition  of the circu it oc -

curs at I.,= I ma, for this exam ple, then  the circu it may  
be used in a bistable manner , as  a trigger.  Thus,  as -
sume that the circuit is "off," for  examp le, for /„1= 1 ma, 
/„= I ma. Increasing the curren t, I., to about  1.5 ma, 
will keep the second co llec tor  "off," but  decreas ing  I. 
to zero current will trigger  the secon d trans istor  to  the 
"on" state, that is, re, = 7 ma. The circuit remains  on  
when returned to the qu iescent  state  (by allow ing  1.1 to  
increase to its quiescent va lue  of I ma ). 
To turn "off" the circu it, the em itter  current  of T1 

must be increased to about 1.5 ma , an d when  the circu it 
is returned to its quiescen t state , it will rema in "off." 
Since the voltage Eb serves  to trans late  the vo lt-

ampere characteristic of the base of T y para llel to  itse lf 
along the voltage axis, it is clear  that the base  of Ti may  

Novemb 

also be used as an input signal point, provided the i 
se   

proper current bias is applied to the emitter of Ti. 
the example considered above in connection with Fig. 
such an emitter bias would have to be at least 1.5 me 
for proper triggering in either direction by a voltage 
signal in place of Eb. 

CONCLUSION 

Three examples of a graphical approach to switching. : 
circuit analysis have been discussed. This method utik! . 
izes the volt-ampere characteristics of both linear and. 
nonlinear devices, and, it is felt, is capable of handling 
a wide variety of coupling conditions. Furthermore, the; 
results of this analysis are obtained by a method which ; 
deals with quantities which are directly observable. , 
Such an approach is felt to be preferable to conventional 
small-signal network analysis when extrapolated to 
large signal circuits. 

A Transistor Reversible Binary Counter* 
ROBERT L. TRENTt, MEMBER, IRE 

Summary—The feasibility of performing a fairly complex switch-
ing function using a few elementary transistor circuits is illustrated 
and experimentally verified. The specific function discussed is re-
versible binary counting. The mechanism used to achieve reversibil-
ity and the circuitry within each building block is described. Operat-
ing margins and suggestions for design improvements for systems 
application are given. 

INTRODUCTION 

THE PURPOSE of this paper is to illustrate the 
feasibility of accomplishing a fairly complex 
switching function by the use of a few elementary 

transistor circuits. This work was part of an investiga-
tion sponsored by the Joint Services to determine the 
feasibility of the development of packaged, functional, 
miniaturized switching-type circuits employing tran-
sistors. Specifically, the function to be described is that 
of a reversible binary counter. 
A binary counter may be defined as a counting 

mechanism which is capable of translating a series of 
input pulses into a binary code corresponding exactly 
to the sum of the number of impressed pulses. A reversi-
ble binary counter (RBC), in addition, should be ca-
pable of performing the algebraic function of subtraction 
as well as addition, under the influence of some control 
function. If the control function indicates that addition 
to the binary sum present in the counter stages is re-
quired, the usual forward cycling will occur with the 
incidence of the next triggering pulse. However, if the 
control function indicates that subtraction is required, 
the next impressed pulse will cause the counter to cycle 
backwards, and a binary digit unit will be subtracted 
from the stored code. 
! Decimal classification: R282.12 X621.375.2. Original manu-

script received by the Institute, August 15, 1952. 
t Bell Telephone Laboratories, Murray Hill, N. J. 

METHOD OF OPERATION OF A RBC 

Definitions and Conventionc 

An elementary block diagram illustrating a methc d of 
achieving reversibility' is shown in Fig. 1. For sim-
plicity, only four stages are shown. The following con-
ventions are assumed in describing this figure: 
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10 0 (I) 0 (I) 0 (I) 0 

Fig. 1—Functional diagram of reversible binary counter. 

1. The output leads of a stage are designated A and 
B; the states between which a lead will change are de-
fined as 1 and 0, where 1 is more positive than 0. 

1 H. J. Gray, "Logical description of some  digital -computer  adders  
and counters," PROC. I.R.E., vol. 40, pp. 29-33; January, 1952. 
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.S 2. The counter stages are arranged so that they re-
scpond only to positive pulses impressed on the count 
xnput leads. 
I, 3. The gating functions represented by simple 
;witches on the figure act in unison, making simultane-
'us connections to all A or all B output leads under 
ome control stimulus. 

)peration 

It is assumed that the state present on the registry 
eads B of all stages is 0 and that the control function 
las caused all of the interconnecting switches to operate 
o connect to the A output leads of the preceding stages 
o perform addition. A positive triggering pulse im-
)ressed on the input lead will cause stage 1 to assume 
he state 1 on its registry lead B. Since the A lead 
:hanged from 1 to 0, no positive pulse is transmitted to 
:he following stage, and no further action follows. 
Count-pulse 2 causes stage 1 to change state again, 

-everting to 0 on its B lead. Since the A output lead 
thanges from 0 to 1, a positive pulse is passed to stage 2 
.:ausing it to assume the condition 1 on its registry 
ead. A 1 on the B lead of stage 2 has a weight of 2, 
:orresponding to the number of pulses impressed on the 
:ount input lead. 
Count-pulses 3 and 4 similarly cause further changes 

in state of the multistage binary counter, resulting in 
the codes being set up as illustrated in Fig. 1. 
At this time assume that the control function re-

ceives information to the effect that the succeeding 
pulses should cause subtraction from the binary sum 
present on the counter stages. All of the interconnecting 
switches then make simultaneous connections to the B 
output leads of the preceding stages. 
Count-pulse 5 causes stage 1 to change state so that 

a 1 appears on its B output lead, impressing a positive 

pulse on the following stage. Stage 2 on triggering as-
sumes the state 1 on its B output lead, resulting in a 
positive pulse being passed to the third stage. The third 
stage then assumes the condition 0 on its B registry 
lead, and no further action follows. The binary code 
present on the registry leads of the counter stages cor-
responds to the code set up by the third count pulse, 
and the fifth count pulse has resulted in subtraction. 
Similarly count pulses 6, 7, and 8 cause the binary-
counter stages to operate to revert to the starting con-

dition. 
Thus, a multistage binary counter, provided with 

switches so connected that the count-input lead of a 
following stage may be switched from one output lead 
- to another, may be made reversible to perform sub-

traction as well as addition. 

CIRCUIT ELEMENTS OF THE RBC 

Switching or Gating Function 

An equivalent functional representation of the RBC 
is shown in Fig. 2. One method of performing the re-

) quired switching uses threshold-two gates, in which one 
) of the enabling inputs is a step voltage from a control 
1) function and the other is the positive pulse obtained 

from the preceding binary-counter output lead. A 
transistor regenerative gated amplifier which is capable 
of performing this gating function has been developed 

and is described in Appendix A. 

Binary-Counting Function 

The requirements placed upon the individual count-
ing stages for operation in a circuit as outlined in Fig. 2 

are as follows: 

_ 

Fig. 2—Functional representation of reversible binary counter. 

1. The stages must have two dc stable equilibrium 
points, and must be capable of being triggered from one 
dc stable point to the other by single polarity pulses ap-

plied at a common input. 
2. The voltage-step function present upon each out-

put lead must be capable, when differentiated, of pro-
viding a positive pulse of sufficient amplitude to trigger 
a gated amplifier when the latter is enabled, and must 
not be large enough to trigger it when inhibited. 
The two-transistor stabilized binary-counter stage as 

covered in Appendix B meets these requirements. The 
margins of operation in meeting requirement (2) are 
discussed in Appendix C. 

Control Function 

The control function for the threshold-two gated 
amplifier must provide the proper biasing potentials in 
the form of two step voltages. One of these is applied 
to all the A-gates in parallel, the other to all the B-
gates in parallel. It must be capable of changing state, 
reversing the step voltages, under the control of operate 
and clear information, usually designated Set 1 and 
Set 0. The operate or Set 1 information pulse will then 
impress voltages to one control of the gates so that 
the A-gates will be enabled if a positive pulse is im-
pressed on the other input connection and will impress 
a positive pulse on the next binary-counter stage. The 
B-gates, however, will be inhibited. In a similar fashion, 
the clear or Set 0 signal will result in inhibition of the 
A-gates, and excitation of the control of the B-gates 
so that a positive pulse impressed on the other input 
connection will cause a positive pulse to be passed to 
the next binary-counter stage. The two-transistor sta-
bilized binary-counter stage as covered in Appendix B 
will meet these requirements. 

REVERSIBLE BINARY COUNTERS 

Experimental Model 

The circuit elements in the form of laboratory ex-
perimental circuits have been interconnected, as shown 
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in the block diagram of Fig. 3, to provide experimental 
verification of the feasibility of application of the par-
ticular transistor circuits. Decoupling networks have 
been incorporated in the step-voltage leads from the 
control function to prevent the sharp leading and trail-
ing edges of the step-voltage waveform from causing 
spurious operations. 

AC/D... .4 I ec  H e Su(sBeTITIA4T 
(SET 

CONTROL 
FUNCTION 

Fig. 3— Reversible binary counter schematic. 

Successful operation of the RBC at repetition rates 
up to approximately 30 kc was obtained. This frequency 
limitation was caused primarily by the time-constant of 
the decoupling networks between the control outputs 
and the gated amplifiers. In addition, the cross-coupling 
networks between collectors and bases of the transistors 
in the binary-counter stages were optimized for low. 
frequency operation in the 600-cps range, and could be 
modified for operation at higher rates in the order of 
100 kc. 

Bias supply variations in the order of +15 per cent 
were tolerable. The total input power for a 4-stage re-
versible binary counter using these circuits is in the 
order of 3.5 watts. 

Packaged Model 

The transistor circuits, packaged in the forms de-
scribed in the appendices, have been interconnected to 
perform the function of reversible binary counting. In 
order to provide a more satisfactory display of the 
reversibility function, the circuit of Fig. 3 has been 
modified to provide the following additional features: 

(a) A packaged gated-amplifier circuit (M1731-1) 
has been used as a pulse generator to provide a 
triggering-pulse source for the first binary-
counter stage. The mode of operation of this 
packaged circuit when used as an astable multi-
vibrator or pulse generator has been described in 
the literature.' An external capacitor is added 
from emitter circuit to ground, and the step-
voltage input terminal is provided with a posi-
tive biasing potential. These constants have been 
adjusted to provide a pulse train with a repetition 
rate of approximately 3.3 kc. 

(b) Two packaged amplifier circuits (M1733-1) have 
been used to obtain a delayed-pulse train, whose 
repetition rate is set by the afore-mentioned pulse 
generator. The circuit design is somewhat similar 

(() 

to the gated amplifier except that the dc base 
stabilization feature has been omitted, and a 
simple form of stabilization of the triggering level 
used.' These circuits are triggerable by negative . 
pulses, therefore the trailing edge of the output 
waveform of the pulse generator is used to trig-
ger the first amplifier stage. The pulse length of 
the amplifier stage is adjusted to derive a pulse 
in the order of 100 µsec long. The trailing edge of 
this pulse is used to trigger the second amplifier 
stage, thereby achieving a pulse train, delayed 
by an interval in the order of 110 µsec locked in 
with the pulses impressed upon the first binary 
counter stage. 

Two diode matrix gates are used to sample the 
states of the four binary-counter stages. These 
matrix gates are designed to be inoperable except 
when the binary-counter outputs to which they 
are connected are all in the ON condition, at ap-
proximately —10 volts. The delayed-pulse trai 
from the second amplifier (M1733-1) stage is im 
pressed upon the two matrix gates. One of th 
matrix gates is connected to all of the A leads 
to the binary counters, and thus will be enabled 
to pass the delayed pulse when the binary 
counters are all in the 0 condition. The other is 
connected to all of the B leads, and will be en-
abled to pass the delayed pulse when all of the 
binary counters are in the 1 condition. The out-
put of the first gate is then passed to the setting 
input lead of the control function to cause the 
control to activate the gated amplifiers causing 
addition, and the output of the second gate is 
passed to the setting input lead of the control 
function to cause it to activate the gated ampli-
fiers causing subtraction. At all other conditions 
of the binary-counter stages, both of the matrix 
gates are disabled. 

13y this means, the add-subtract control func-

tion is automatically controlled by the previous 
condition of the binary-counter stages. If the 
counter has been adding and attains the condi-
tion 1, 1, 1, 1, the control function is caused to 
change state so that the next triggering pulse will 
find the binary-counter stage interconnections 
arranged for subtraction, and vice versa. 

(d) In order to permit an oscillographic display of 
the action of the binary-counter stages, a simple 
diode registration means is employed. A branch-
load circuit is connected to all of the B registry 
leads of the binary counter stages to provide a 
weighted current increment to be drawn from 
each stage when it is ON. These currents are 
passed through a milliameter for static display 
purposes and an oscilloscope may be connected 
across the milliameter terminals for visual dis-
play. 

A. E. Anderson, "Transistors in switching circuits," PROC. 3 J. R. Harris, "A transistor shift register 
1.R.E., vol. 40, fig. 7(c), p. 1545; this issue.  PROC. I.R.E., vol. 40, fig. 6, P. 1600; this issue. and serial adder," 
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A typical output waveform, existing at a collector of 
a binary-counter stage operating in a reversible binary 
counter incorporating the above features, is shown in 
Fig. 4. The loading effects of the matrix gate, branch 
.diode registration circuit, and gated amplifier are seen 
to affect the initial rise and fall characteristics. (This 
waveform may be compared with Fig. 17.) However, as 
long as the delay introduced before the application of 
the pulses to the matrix gates is sufficient to insure that 
the binary-counter stages will have stabilized, no 
recognition ambiguity will result. 

Fig. 4—Loaded binary-counter stage output waveform. Time scale, 
100 Asec/division; voltage scale, 5 volts/di % ision. 

The analogue output current waveform provided by 
the branch diode registration circuits is illustrated in 
Fig. 5. The 16 discrete information bit levels are clearly 
shown. Operation of the control function at maximum 
and minimum levels to provide successive addition and 

subtraction is illustrated. 

Fig. 5—RBC--binary to analogue output current waveform. 

Figs. 6 and 7 show the analogue output current wave-
forms which result when the matrix gates enabling the 
passage of resetting pulses to the control function are 
removed, in turn. In Fig. 6, the matrix gate enabling 
; the passage of the pulse controlling subtraction has 

I been removed from the circuit. Accordingly, the control 
i function remains in the "ADD" enabling condition, and 
3 the binary-counter stages continue to register addi-

3 tional current increments with the impression of trig-
i gering pulses until the limit of storage capacity (16 
0 bits) is attained. The next triggering input pulse causes 
i all the stages to revert simultaneously to the 0 condi-1 tion, and then addition reoccurs.  The  wavesha pe il-
lustrates this registration of additional increments until 

the maximum is attained, then the reversion to 0 con-
dition, followed by addition. In Fig. 7, the matrix gate 
enabling the passage of the pulse controlling addition 
has been removed from the circuit. The control func-
tion remains in the "Subtract" enabling condition, and 

Fig. 6—RBC—binary to analogue output current waveform 
subtract control disabled. 

Fig. 7—RBC—binary to analogue output current waveform 
add control disabled. 

the binary-counter stages continue to register sub-
tractional current increments with the impression of 
triggering pulses. This process continues until the mini-
mum storage capacity is attained, and the next im-
pressed triggering pulse causes all the stages to revert 
simultaneously to the I condition. 

Fig. 8—Packaged transistor reversible binary counter. 

A photograph of the packaged transistor reversible 
binary counter incorporating the features discussed is 
shown in Fig. 8. Approximately 8 watts of input power 
are required by the transistor stages used. 

CONCLUSIONS 

The switching function of reversible binary counting 
may be performed using two elementary transistor 
packaged circuits. The use of a binary counter and a 
regenerative gated amplifier for this particular opera-
tion has been illustrated and experimentally verified. 
Margins of operation are satisfactory for laboratory 
type experimentation and satisfactory performance for 
extended periods of operation has been obtained. For 

i• 
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application to system usage, the margins of operation 
may be improved as discussed in Appendix C to achieve 
greater stability and consistent operation over wide 
variations in power supply voltages and ambient tem-
peratures. 

Additional features which may be generally useful as 
switching functions, such as delay, recognition of a 
discrete binary code, and analogue transformation of 
the binary code, have been applied successfully to a 
packaged transistor reversible binary counter. 
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APPENDIX A 

The purpose of this appendix is to describe the circuit 
and characteristics of a transistor gated amplifier which 
may be used as a threshold-two gate. Such a gate re-
quires the simultaneous presence of two signals to pro-
duce an output, and since the gate employs an active 
device which is triggered, the output pulse is not a 
replica of either input, but is rather a discrete pulse. 
Past practice in threshold-two gating is exemplified by 

diode configurations, involving transmission loss and 
having impedance-matching requirements at input and 
output. 
The design considerations of the gating circuit to be 

described are based upon the active properties of the 
point-contact type transistor. The gating properties are 
achieved by basing the threshold-two feature upon the 
arithmetic summation of two signal amplitudes. One 
of these signals is in effect a dc signal and the other a 
positive pulse. The negative-resistance characteristics 
of the transistor are used to obtain triggered regenera-
tive amplification. This method has the disadvantage of 
being sensitive to amplitude variations in the two signals 
employed, and it is necessary to insure sufficient margins 
of operation under the most adverse conditions of signal-
amplitude variations to be expected. 

BASIC CIRCUIT CONFIGURATION 

The elementary regenerative gated-amplifier circuit 
and a typical input (emitter) negative characteristic are 
shown in Fig. 9. The circuit incorporates a biased diode 
in the base circuit to clamp the peak turning point' of 
the characteristic close to a definite potential, in this 
case zero volts. This feature has been used to offset 
variations between transistors and between the opera-
tion of a given transistor at different temperatures. The 
changes have been caused by variations in the amount 

"Engineering Services on Transistors," Signal Corps Contract 
No. W36-039-sc-44497, Dept. of the Army Project No. -3-19-03-031, 
Signal Corps Project No. -27-323A-1. 

of collector current which flows when the emitter elec-
trodes are biased negatively or are open-circuited, with 
constant collector voltage. These variable collector cur-
rents, when flowing through the relatively large external 
base circuit resistor, cause wide variations in the peak 
turning point in the characteristic. These effects have 
been treated by Anderson. 

INPUT 

V20'II 

VE 10 

•-0.2 -0.1 

EMITTER CHAR-
ACTERISTIC / 
WITHOUT /-
SERIES DIOC9 

-20 

-30 

V  (-4S) 

30 

/ EMITTER CHARACTERISTIC 
\  WITHOUT BASE STABILIZATION 

DIODE 

2 \3  

TURNING POINT 
CLAMPED NEAR 

ZERO BY BASE DIODE 

Fig. 9—Stabilized input characteristic. 

The biased diode provides a low impedance which 
shunts the large external base circuit resistor at nega-
tive- and low positive-emitter currents, preventing the 
variable collector currents from affecting the peak 
turning point. At higher positive-emitter currents, be-
cause of the current-gain properties of the transistor, 
this diode assumes a high-impedance condition. The 
resultant high-base feedback then results in the develop-
ment of the normal negative-resistance characteristic. 
A small resistance has been added in series with the 

diode to insure obtaining a negative resistance as soon 
as the emitter current becomes slightly positive. This 
is to obtain ease of triggering at a slnall cost in stability 
of the peak turning point with transistor-parameter 
variations. 
A diode is inserted in series with the emitter to insure 

a slope in the negative-emitter-current region greater 
than 0.5 megohm for additional discrimination. The cir-
cuit constants as illustrated have been so adjusted that 
variations  5.6  in the re() of the transistor from approxi-
mately 70,000 ohms to 12,000 ohms may be tolerated. 
By this means, initial variations occurring between 

g A. E. Anderson, op. cit., fig. 17, p. 1553. 
• The re, of a point contact transistor may be defined as the 

equivalent-collector dc resistance obtained by impressing a constant 
collector voltage V, (i.e. —35 volts) with open-circuited emitter 
(/, =0) and measuring the collector current. 

1 
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units, and variations with temperature do not mate-
rially affect the operation of the circuit. 
With this basic regenerative-amplifier circuit, the 

function of threshold-two gating, using a step voltage 
• and coincident positive pulse, may be performed as il-
lustrated in Fig. 10. The emitter load line corresponding 
to resistance Re is superimposed upon the input char-
acteristic of the regenerative amplifier resulting in dc 
stable equilibrium points at either A or B in the nega-
tive-emitter-current region. The point of intersection 
(A or B) is determined primarily, for the choice of 

I- ••••• 
4  5  6 01 

STABLE 

EQUILIBRIUM 
POINTS 

V I 

EMIT TER 
LOAD LINE 

R E 

V C C 

NEGATIVE 
RESISTANCE 

CHARACTERISTIC 

Fig. 10—Gated-amplifier circuit and input characteristic. 

components depicted, by the value of the step voltage 
applied to Input 2. 
We may assume that the pulse to be gated has an 

amplitude of 15 + 5 volts. If the step-voltage input is at 
the —10 volt level, and the 15 volt pulse impressed 
upon Input 1, the circuit will be triggered and a positive 
pulse of the order of 30 volts, 1 to 7 µsec long, will ap-
pear at the output. If the step-voltage input is at the 
—30 volt level, however, the emitter load line will inter-
sect the input characteristic at point B, and the input 
pulse will be incapable of triggering the circuit. 
The margins of operation depend primarily upon the 

amplitude variations of the input pulse and step-voltage 
input, and the slopes of the characteristic and emitter-

load resistance. 
The step-voltage input biasing potentials of —10 and 
—30 volts used in the discussion are for illustration pur-
poses only, but represent the potentials present at the 
collector of a transistor bistable flip-flop when in ON 
and OFF conditions, respectively. 
A typical output pulse waveform at the collector of 

a transistor gated amplifier is shown on Fig. 11. This 
waveform was taken on a packaged gated-amplifier 

stage used in a laboratory model of a reversible binary 
counter. The step-voltage input, derived from a col-
lector of a binary-counter stage used as a control, was 
measured as being approximately —11.0 volts. The 
triggering pulses, of about 20-volts amplitude, were 
derived from a preceding binary-counter stage and were 
impressed at a rate of 1,500 pps. The output pulse of the 
gated amplifier was passed to the following binary-
counter stage, and therefore represents a typical output 
waveform under operational load conditions. 

Fig. 11—Typical output pulse of gated amplifier: time scale: 
10 psec/division, voltage scale: 5 volts/division. 

The output pulse has an amplitude of +22 volts, 
duration (to 3 db_down point) of_6 µsec and rise time 
of about 0.1 µsec. 
A photograph of a packaged transistor gated ampli-

fier is shown on Fig. 12. The package is designed to plug 
into a standard 7-pin miniature socket, and occupies a 

Fig. 12—Packaged transistor gated amplifier. 

volume of 4 inch by  inch by 2 inches, including the 
base pins. The circuit elements, comprising standard 
resistors, diodes, and transistors are mounted on a cir-
cuit board using the "auto-sembly" techniques evolved 
by the Signal Corps. The entire circuit-component as-
sembly is then cast in a mold, using a thermo-setting 
plastic. 
The power dissipated by the circuit components is of 

the order of 0.1 watt, engendering an internal rise in 
temperature of approximately 7 degrees C above am-
bient, under usual operating conditions. 
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Summarizing, the characteristics of this gated re-
generative amplifier are as follows. 
(a) The source of step-voltage biasing potential always 

sees a high impedance of at least the emitter-load re-
sistance Ri; for the illustrated plot, 0.1 megohm. During 
the interval when no triggering pulse is present at the 
pulse input terminal, the source sees at least 0.7 
megohm. This permits a multiplicity of these gated 
amplifiers to be operated in parallel by the same con-
trolling potential source. 
(b) The triggering-pulse source also sees a high im-

pedance except during a triggering interval at which 
time the source sees approximately 3,000 to 5,000 ohms, 
depending upon the gate-circuit constants and external-
load impedance. • 
(c) The output pulse obtained upon triggering is essen-

tially coincident in time sequence with the leading edge 
of the pulse impressed at the input terminal. The size 
of coupling capacitor and pulse-generator impedance 
affects the rise and fall time and duration of the output 
pulse. Generator impedances less than 10,000 ohms and 
coupling capacitors larger than 100 to 200 mmfd gen-
erally result in rise times less than 0.3 and durations in 
the order of 1 to 7 µsec. Amplitudes of output pulses in 
the order of 30 to 40 volts are usual. 
(d) The gate has the disadvantages of being sensitive 

to variations in the amplitude of the gating signals. The 
margins of operation of this circuit are discussed in Ap-
pendix C. 
(e) The clamping feature used to obtain constancy of 

the peak turning point at zero volts results in a power 
dissipation in the order of 0.1 watt in the clamp circuit 
during the OFF condition. It also results in a decrease in 
triggering speed since only a nominal value of negative 
resistance is attained at the offset of triggering action. 

APPENDIX B 

The purpose of this appendix is to describe briefly 
the operation of a general-purpose binary counter' em-
ploying two transistors and to discuss its characteristics 
and performance. 

CIRCUIT DESCRIPTION 

The binary counter consists of two symmetrical and 
cross-coupled point-contact type transistor stages some-
what analogous in appearance to the Eccles-Jordan 
electron-tube circuit. The principles involved are, how-
ever, different. It is possible to make a bistable circuit 
with a single point-contact type transistor, since the 
device has a large signal current gain or alpha greater 
than unity, giving rise to an n-type negative-resistance 
characteristic.5 
However, the symmetrical arrangement has the ad-

vantages of providing the two outputs necessary to 
achieve reversibility and uniform power-supply drain 
independent of the states of the circuit. 

7 R. L. Trent, "Two transistor binary counter," Electronics, vol. 
25, pp. 100-101; July, 1952. 

Since each of the two transistors can be individually 
stable at both high- and low-current states, it is possible 
to have four stable states in a two-transistor circuit of 
this type. In the binary counter of discussion, the only 
useful combinations of these four states are the two in 
which one unit is in its high-current state and the other 
is in its low-current state. The other two conditions 
where the devices are simultaneously in either high- or 
low-current states must be avoided. The circuit design 
so constrains the behavior that these spurious states 
cannot exist. 
Fig. 13 is a schematic of a complete binary-counter 

stage. DC coupling between the balanced stages is af-
forded by the common emitter-load resistor (R12) and 
ac coupling between emitters by capacitor (C3). In 
addition, there are cross-couplings between collectors 
and bases consisting of resistor-capacitor networks (C1 

COUNTING 
INPUT 

Fig. 13—Stabilized binary-counter circuit. 

and R5), (C2 and R4). These couplings provide re-
generative paths for the ac signals and de paths to 
maintain bistable operation once the transient effects 
have subsided. 
Triggering pulses may be impressed upon the bases 

under the control of a diode steering circuit, which is 
given direction by the difference of potential existing 
between the bases when one unit is ON and the other 
is OFF. The common emitter resistance (R12) elim-
inates the necessity for emitter biasing supplies. At the 
two stable equilibrium points it is always passing the 
emitter current for the ON stage which provides the 
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Diasing potential for the OFF stage. The two transistors 
ire provided with a base-stablization feature, as dis-
:ussed in Appendix A, consisting of the addition of a 
Diased diode in the base lead. The diode provides a low 
shunting impedance in the negative-emitter-current re-
ion  at low positive-emitter currents, and a high 
impedance at large positive-emitter currents. In its 
low-impedance condition, the diode prevents variations 
in the collector current from causing a wide range of 
voltage to be developed across the external-base re-
sistance. In its high-impedance condition, the diode 
illows the remainder of the usual negative-resistance 
zharacteristic to be obtained over a range of positive-
emitter currents. 
Description of the various circuit features to insure 

low triggering requirements may be facilitated by dis-
zussing each in terms of a skeleton circuit. 

Triggering Sensitivity Feature 

Satisfaction of the bistable criterion that a counter 
stage must maintain a given condition indefinitely until 
'the next triggering pulse is impressed has usually re-
sulted in poor triggering sensitivity. Circuital means are 
employed in the circuit under discussion to secure both 
stability and sensitivity. Fig. 14 illustrates the dc lock-
up performed by the common emitter resistor (R1) 
and the cross-coupling resistors shown as (R2). The 

EMITTER 
BIAS 

VOLTAGE 

Fig. I4—Trigger circuit lockup feature and characteristic. 

simplified characteristics illustrated assumes both tran-
sistors to have identical characteristics and that each 
transistor acts as a two-terminal device. These assump-
tions are not necessarily true, but will serve to illustrate 
the point under discussion. The ON unit is assumed sta-
ble at B, the intersection of the load line with the char-
acteristic. Because of the coupling action of (R1), the 
OFF unit must be stable at point A at the same emitter 

potential. An amplitude of positive triggering pulse 
greater than A would be required for triggering the OFF 
unit toward the ON region. 
Fig. 15 illustrates the effect on the load line and nega-

tive-resistance characteristic of adding varistor (R V1) 
and shunt resistor (R3). The ON unit has the same 

Ic—•• 
LOAD LINE 
FOR OFF 
UNIT 

C 
AnL 

Fig. I5—Trigger circuit for increased sensitivity and characteriistc 

operating point B as before. Instead of the OFF unit 
being stable at point A, however, the diode in series 
with its emitter is biased in the reverse direction, result-
ing in the new load line E—E' for the OFF unit. This 
load line E—E' would intersect the normal characteristic 
at the point C were it not for the shunting effect of re-
sistor (R3). An input pulse of amplitude greater than 
would then be sufficient for triggering action. The 
negative-resistance characteristic has been modified by 
shunt resistor (R3) to decrease the impedance in the 
negative-emitter-current region. Load line E—E' there-
fore intersects the modified characteristic at point D 
instead of at point C. Triggering action now occurs if 
the input pulse is greater than 7. While the sensitivity 
has been increased materially, no concession has been 
made to the stability of the states of the circuit. 

Composite Characteristic of Counter Stage 

An approximate composite emitter characteristic is 
shown on Fig. 16. The base stabilization assures that 
the peak turning point of the characteristic will be 
very close to 0 volts. Since the stabilizing current is 
larger than that required to balance the OFF collector 
current of the transistor, there will be a region where 
for positive-emitter currents the negative resistance is 
essentially determined by the series base resistance and 
the forward resistance of the base diode (R8, R V4 
and R9, R Vs of Fig. 13). These are approximately 2,500 
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ohms. When the base diode switches to its high-re-
sistance state, the negative resistance is determined by 
the total series base resistance (R8 and R10, R9 and 
R11, Fig. 13), approximately 12,200 ohms, neglecting 
the shunting effect of the base diode reverse resistance. 
If the assumption is made that the transistor TR-2 

is in the ON condition, the diode in series with the 
emitter (RV6) will be in its low forward resistance 
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Fig. 16 —Comp-Aite input characteristic. 

state, and the TR-2 emitter load line is then (R12 
-FR V6) about 2,200 ohms, intersecting the origin. The 
stable ON point for TR-2 is the intersection of this load 
line with the characteristic at B. Since transistor TR-1 
is in the OFF condition, its series diode (R V5) will be 
in its high-resistance state. This determines the slope 
of the emitter load line for TR-1, and its biasing poten-
tial is set by the positive-emitter current of TR-2 
passing through (R12). The load line drawn through the 
biasing potential intersects the characteristic at point A, 
the OFF stable point for TR-1, very close to the peak 
turning point of the negative-resistance characteristic. 

Mechanism of Triggering 

The binary-counter circuit is triggerable with either 
positive or negative pulses, provided the proper steering 
diode polarity is observed. With the circuit as shown in 
Fig. 13, the steering may be accomplished by the differ-
ence of potential existing between ON and OFF unit 
base potentials. The base of an ON unit is always 5 to 
10 volts more negative than the base of an OFF unit. 
Therefore, a positive pulse appearing at the count input 
terminal will be passed to the base of the ON unit. 
Because of the low impedance from base to emitter in 
the ON condition, this pulse is passed by the coupling 
capacitor (C3) to the emitter of the OFF unit, which is 
at high impedance. Since the OFF unit is stable at a 
point very close to the peak turning point of its charac-
teristic, it will be triggered towards its ON stable point. 
This triggering action results in a very sharp positive 
pulse of about 20-volts amplitude appearing at the col-
lector of TR-1. This positiveward change is passed by 
means of the cross-coupling capacitor (Cl) to the base 
of the ON unit. The characteristic of the ON unit is 
thereby shifted in a positive direction. If the character-
istic is shifted sufficiently so that the emitter load line 
(TR2) in Fig. 16 no longer intersects the characteristic, 

the only stable point remaining is in the OFF stable .1 
region. Thus the collector voltage becomes more nega-
tive, following the time constant of the cross-coupling 
capacitor (C2) and its effective discharging resistance. • 
It is this time constant which places an upper limit 
upon the repetition rate of the counter circuit as il-
lustrated at approximately 40 kc. 

111•111 ,•••• ogul/0 

Fig. 17—Typical collector output waveform; rate: 470 pps, time 
scale; 700 psec/division, voltage scale; 5 volts/division. 

CHARACTERISTICS 

A typical output pulse waveform at a collector or 
output terminal of a binary-counter stage is shown on 
Fig. 17. This waveform was taken on a packaged 
binary-counter stage operated unloaded with external 
circuitry. The triggering pulse, derived from a pulse 
generator, was 1 µsec long, 6 volts in amplitude, with a 
repetition rate of approximately 470 cps. The square 
wave output is about 20 volts in amplitude. 

Fig. 18—Typical collector output waveform. Transition detail, rile: 
470 pps, time scale: 1 psec/division, voltage scale; 5 volts "division. 

The detailed waveforms during transition from OFF 
to ON and from ON to OFF are shown in Fig. 18, 
taken under the same operating conditions as discussed 
above. The time scale is enlarged to 1 µsec/division. 
The small positive pip on each curve represents the 
transmission of the leading edge of the triggering pulse. 
The major portion of the translation from OFF to ON 
occurs within 1 to 2 µsec after the impression of the 
triggering pulse, whereas switching from ON to OFF 
takes a somewhat longer period of from 3 to 4 µsec, as 
discussed previously. 
A photograph of a packaged transistor binary-counter 

stage is shown on Fig. 19. The package is designed to 
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plug into a standard 7-pin miniature socket, and occu-
ti pies a volume of I inch by inch by 24 inches, including 
d the base pins. The same techniques of "auto-sembly" 

Fig. 19—Packaged transistor binary-counter stage. 

and plastic casting were employed as described for the 
gated amplifier. The power dissipated by the circuit 
components within the package is of the order of 0.5 
watts, engendering an internal rise in temperature of 
approximately 12 degrees C above ambient, under usual 
operating conditions. 
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Fig. 20—Operating margins. 

APPENDIX C 

The purpose of this appendix is to describe and il-
lustrate the margins of operation of the two-transistor 
binary-counter stages and the transistor gated amplifier 
when the latter is used as a gated interstage between 
two stages of binary counters. The operating conditions 
) for the transistor gated amplifier are depicted in Fig. 
I! 20, in which the negative-emitter-current scale is en-

larged for illustrative purposes. If we assume that the 
transistors used in the binary-counter stages and the 
control function will have ro values between 40,000 and 
12,000 ohms under the worst temperature conditions to 
be experienced, this assumption, together with a knowl-
edge of the circuit constants, enables the variations in 
ON and OFF collector voltages to be calculated. This 
in turn gives a direct indication of the step-voltage 
output of the control which acts as the sensitizing-
inhibiting means for the gated amplifier, and also of 
the voltage amplitude of the positive pulses from the 
binary-counter stages. 
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Fig. 21—OFF collector voltage calculations. 

CALCULATION OF COLLECTOR VOLTAGE VARIATIONS 

OFF Condition 

The calculation of OFF condition collector voltages 
may be made as shown in Fig. 21. The following sim-
plifying assumptions have been made. 

1. The diodes (RV1) and (RV2) are perfect switches, 
(RV1) open, (R V2) closed. 

2. The ON condition base voltage is constant at —10 
volts. 

3. rco variations are between limits of 40,000 and 
12,000 ohms. 

The computations show that the OFF condition voltage 
varies between —30 and —34.8 volts. Experimental 
verification of these calculated values have been made 
with excellent agreement. We may therefore assume 
that the collector voltage during the OFF condition will 
be 32.5 ±2.5 volts. 
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ON Condition 

The calculation of the ON condition collector voltage 
variations may be made fairly accurately because the 
circuit constants are much larger than the transistor 
parameters. The ON currents and voltages are there-
fore determined essentially by the circuit parameters. 
The tolerances on the resistive elements must be con-
sidered in these calculations. Experimental verification 
of the values obtained by computation agree within ap-
proximately 0.5 volt, and the variations are between 
—11.2 and —15.6 volts, or —13.4 +2.2 volts. 

Output Pulse Amplitude 

The maximum and minimum positive-pulse ampli-
tudes obtainable at a collector may be calculated, using 
the above results. 
Maximum: +23.8 volts 
Minimum: +14.4 volts 

MARGINS OF OPERATION 

Requirements 

The conditions which must be fulfilled to prevent 
ambiguity and consequent failure of the reversibility 
feature are as follows: 

1. The minimum positive output-pulse voltage am-
plitude obtainable from a collector of a bindary-
counter stage (calculated as +14.4 volts) must be 
capable of triggering the threshold-two regenera-
tive gate under all conditions of biasing set up 
by the control-step voltage when transmission is 
desired. 

2. The maximum positive output pulse from a binary-
counter stage (calculated as +23.8 volts) must 
not be capable of triggering the threshold-two 
regenerative gate under all conditions of biasing 
set up by the control-step voltage when it is de-
sired to inhibit the gate. 

Operational Conditions 

Fig. 20 illustrates the range of variation between the 
ON and OFF condition biasing voltages on the voltage 
axis. These represent the step-voltage outputs from a 
binary-counter stage used as a control function, and 
impressed upon the step-voltage input of a regenerative 
gated amplifier. WI.en the ON condition voltage 

( —13.4 ± 2.2 volts) is impressed, the amplifier should be 
triggerable by the positive pulse output from a preced-
ing binary-counter stage. When the OFF condition 
voltage (-32.5 +2.5 volts) is impressed, the gated am-
plifier should be inhibited, and any value of positive 
pulse output from a preceding binary-counter stage 
should be incapable of triggering the gated amplifier. 
From the voltage intercept points on the vertical axis, 
the emitter load lines may be plotted. The intersec-
tions of load lines covering the range of variation in each 
condition with the negative-resistance characteristic are 
designated A—A' and B—B'. These represent the OFF 
stable-point variations of the regenerative gated ampli-
fier, and represent biased conditions of —11.5 +2.0 volts 
for the enabled condition and —27.5 +2.5 volts for the 
inhibited condition. Comparison of these biasing con-
ditions with the minimum and maximum pulse ampli-
tudes from a binary counter show that operational mar-
gins of about 1 volt under the most adverse conditions 
to be expected are obtained. 

DISCUSSION OF RESULTS 

This appendix has illustrated the use of a binary-
counter output voltage as the controlling step-voltage 
source used to enable or inhibit a regenerative gated 
amplifier. The margins of operation of a gated amplifier 
when controlled by such a step-voltage source have 
been shown to be suitable for experimental work. For 
system usage, however, improvements in the margins 
of operation would be desirable, and may be obtained 
if required by several expedients. 

(a) Wider margins of operation in meeting condition 
(1) of the requirements would be obtained if a 
step-voltage source having somewhat lower ON 
condition voltages and greatly increased OFF 
condition voltages were employed. A redesigned 
bistable circuit using different supply voltages 
and circuit elements could be designed for this 
specific job. 

(b) Wider margins of operation in meeting condition 
(2) of the requirements also may be achieved as 
above. In addition, insertion of a simple limiting 
network to clip the output-.pulse amplitude from 
a preceding binary-counter stage at some level, 
for example +20 volts, would result in substan-
tial improvement. 
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An Optical Position Encoder and Digit Register* 
H. G. FOLLINGSTADt, ASSOCIATE, IRE, 

Summary—The usefulness of transistors in systems has been 
given a feasibility proof through the construction and operation of a 
six-digit position encoder and serial-output digit register. This 
system performs the functions of photoelectric encoding, pulse re-
generation, digit storage, reflected-to-natural binary translation, and 
digit shifting by means of circuits using transistors and other semi-
conductor devices. The model occupies a volume of about } cubic 
foot, weighs seven pounds, and consumes 16 watts of power. 

I. INTRODUCTION 

THE PROBLEM DESCRIBED in this paper was 
undertaken to demonstrate the ability of circuits 

  using transistors and other semiconductor de-
vices to perform completely all of the functions ordinar-
ily required of vacuum-tube circuits in a data-handling 
system of some complexity. As a vehicle for such a 
demonstration a system was chosen in which analog-
information is presented in the form of the linear dis-
placement of a shaft along its axis. It is desired that this 
shaft position be encoded into a binary-digit number 
and delivered to an output as a time sequence of pulses 
representing this number. The entire cycle of operations 
is designed to repeat approximately 10 times per second. 
Fig. 1 shows a functional diagram of such a system. 

INPUT 
SHAFT 

ENCODER— 

REGISTER 

11 01 0 1 

OUTPUT 

DISPLACEMENT 

Fig. 1 —Functional diagram of the encoder-register. 

A. Specific Requirements on the System 

The linear-encoding accuracy of this system was 
chosen so as to be favorably competitive with the ac-
curacy of other encoding methods, such as those em-
ploying potentiometers or multidigit commutators and 
pickup brushes. A desired accuracy of + 0.0005 inch 
was thus chosen, corresponding to an encoding quan-
tum distance of 0.001 inch. With a fixed quantum dis-
tance the maximum linear displacement which the sys-
tem can encode is determined by the number of binary 
digits it can handle. For example, a 0.001 inch, 10-digit 
encoder can encode displacements up to 0.001 X2" 
=1.024 inches. These developments were looking to-
ward the feasibility proof of an eventual 32-inch en-
: coder, corresponding to a 15-digit system. 

The shaft is assumed driven by a servo system or deli-
cate gear train of such a nature that frictional drag must 
be kept to an absolute minimum. This assumption rules 
r out the possibility, for example, of using the shaft to 

• Decimal classification: R282.12 X421.375.2. Original manti-
s script received by the Institute, August 18, 1952. This work was 
F sponsored by the Joint Services under Contract No. W36-039-sc-
1 44497 between the Signal Corps and the Western Electric Co. 

t Bell Telephone Laboratories, Murray Hill, N. J. 

J. N. SHIVEL AND R. E. YAEGERt 

drive a pickup brush along a potentiometer. Accord-
ingly, a no-drag optical method of encoding is used. 
The 10-cps repetition rate is not related to the speed 

with which the shaft is expected to move. The motion 
may, in fact, be many quantum distances between suc-
cessive encodings. It is merely desired to acquire new 
position information every tenth of a second. It is, 
however, necessary that the complete act of encoding 
take place within the time required for a displacement 
over a quantum distance at the highest speed the shaft 
will move. In the present system a maximum shaft 
speed of about 8 inches per second is assumed. Conse-
quently, the encoding act may not consume more than 
125 µsec. 
The time interval during which a single-digit pulse 

may be present at the output is related to the repetition 
rate and the number of digits in a word. Provision for a 
15-digit word every tenth of a second requires 150-digit 
time slots per second. However, because it was en-
visioned that transistor-data circuits would sooner or 
later be called upon to handle information at much 
faster rates, it was decided to test their potentialities in 
this direction, and provision was made in this system for 
600 time slots per second. The duration of each time 
slot is accordingly 1.67 msec. 
Other features of the system, such as the details of 

the circuits involved, power and impedance levels, and 
the ways and means of accomplishing the required 
functions, were left to the designers' choice. 

B. Scope of the Present Objective 

While the tentative requirements have been enu-
merated for a system which was in mind at the time 
this work was undertaken, the immediate objective of 
the present endeavor was not actually to build and 
operate such a system, but rather to demonstrate the 
feasibility of such a system, using transistors and semi-
conductor devices. It was decided that all of the sys-
tems, circuit, and device problems occurring in the 
complete system could be given a satisfactory feasibil-
ity proof by devising, building, and demonstrating a 
6-digit model. This model was to be identical with the 
15-digit encoder in every respect except digit capacity. 

II. FUNCTIONAL ANALYSIS OF TI1E SYSTEM 

The accomplishment of the system objective of Fig. 1 
requires the performance of a number of related func-
tions. The first of these is the encoding of the shaft 
position into a binary-digit number. Fig. 2 shows 
schematically how this is done. Attached to the shaft 
and moving with it is a glass plate having a 6-digit 
binary-code pattern of apertures in an opaque coating 
on one side. This pattern is illuminated by a flashing 
discharge lamp whose 25-µsec flashes are programmed to 
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correspond with the 10-cps instants at which the posi-
tion of the code plate is to be encoded. The code is read 
by a line of six photocells, one for each digit row on the 
code plate. These photocells are placed behind a reading 
slit in a stationary plate, which clears the code surface 
by a small distance just sufficient to insure that the 
code plate moves completely free. The purpose of the 
reading slit is to define the resolution of the optical 
system and to insure that the photocells do not straddle 
several of the quantum distances on the code plate. 

FLASHING 

LIGHT 

SOURC E 

SHAFT 

CODE 

PL ATE 

PHOTOC ELL 

STATIONARY 

PLATE 

READING 

SLIT 

Fig. 2--Code plate and photocell encoder. 

At each flash of the lamp the photocells simultane-
ously give output indications of their respective digits: 
an illuminated photocell puts out a pulse, correspond-
ing to a 1, while a photocell which is in darkness behind 
an opaque portion of its digit code pattern at the 
instant of the flash puts out nothing, corresponding to a 
0 in a binary code. The resulting 6-digit presentation of 
l's and O's at the photocell outputs then comprises the 
binary number defining uniquely the position of the 
code plate at that instant. 
In order to secure the desired accuracy of encoding to 

a quantum distance of 0.001 inch, the width of the sta-
tionary reading slit must be no greater than 0.0005 
inch. The small amount of light passing through this 
slit to the photocells produces photocell-output pulses 
of limited amplitude and power. This necessitates the 
insertion of a triggered pulse regenerator following the 
photocell in each digit channel. This pulse regenerator 
consists of a transistor monostable-multivibrator circuit 
capable of being triggered by the output pulse of a 
flash-illuminated photocell. At each such triggering the 
pulse regenerator puts out a single pulse whose charac-
teristics depend upon the circuit and not upon the 
nature of the trigger. The pulse generator performs an-
other important function, that of discrimination. If a 
photocell is reading the edge of a code aperture which is 
partway between a zero position and a one position, 
the photocell puts out a pulse having less than the full 
amplitude corresponding to an unobstructed aperture. 
As the code plate moves between two such positions, a 
gradual change occurs in the amplitude of the output 
pulses of the photocell. It is necessary that the system 
be able to discriminate between pulses which have an 
amplitude greater than that corresponding to the exact 
quantum transition point and those whose amplitude is 

less. The transition ambiguity is minimized to a small 
fraction of a quantum step by the trigger threshold of 
the pulse regenerator which is set so that the circuit 
triggers only on pulses exceeding a reference amplitude 
corresponding to the exact transition point and remains 
unresponsive to those below it. 
Following the pulse regenerators is a register in 

which the number is stored until it is to be delivered at 
the output. This register must have the property of ac-
cepting simultaneously all six digits of the number to 
be stored, and subsequently of shifting these digits, in 
pulse form and in the proper time sequence, to the out-
put. The register consists of a number of transistor 
flip-flop circuits, each capable of being set-to-1 by an 
output pulse of the preceding pulse regenerator. The 
register stages are interconnected by other circuits so 
that the function of progressive shift-out can be per-
formed. 
The provision of an ordinary binary-code pattern on 

the code plate could lead to serious errors of reading. 
Examination of the four-digit code plate example in the 
left-hand drawing of Fig. 3 shows that there are a num-
ber of abscissae, such as A-A, at which several of the 
digits change from 1 to 0 or from 0 to 1 as the code 
plate advances from one quantum position to the next. 
Should the reading slit straddle such an abscissa at the 
instant of a flash of light, then the photocells corre-
sponding to those digits which are in transition at this 

A 

El 
^ ̂ 

••• • 

A 

NATURAL 

BINARY 

REFLECTED 

BINARY 

Fig. 3—Left, 4-digit natural-binary code pattern; right, 4-digit 
reflected-binary code Rattern. 

abscissa may read either 1 or 0, depending on the exact 
adjustment of the discrimination of each photocell and 
regenerator circuit. In such a case the output pulses 
may yield a number having little relationship to the 
position of the code plate at the instant of the flash. In 
order to reduce the potential errors of such transitional 
readings, the code plate is provided with a special 
"reflected binary" code pattern.' This scheme is il-
lustrated in the right-hand drawing of Fig. 3. The re-
flected binary-code pattern has the property that at any 
transition between any quantum position of the code 
plate and the next, only one of the digits changes from 
1 to 0 or from 0 to 1. This means that only one photo-

' A more thorough discussion of the properties of the reflected 
binary code is given by W. M. Goodall, Bell Sys. Tech. Jour., vol. 30, 
no. I, pp. 33; 1951. 
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cell of the reading array may misread and that only one 
digit of the resulting number may be uncertain. Further-
more, regardless of whether the uncertain digit is the 
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Fig. 4—Breakdown of the system into functional units. 

least significant, the most significant, or any digit in 
between, the greatest position uncertainty will be plus 
or minus one half quantum distance. 
The use of a reflected-binary encoder presents one 

difficulty to the prospective user of the system. If the 

PROGRAM 
READ 
PULSE 

PROGRAM 
TRANSLATE ,   
PULSE  11-209,ii SEC 
PRO GRAM 
SHIFT 
PULSE 

encoder-output information is to be fed, for example, 
into a conventional binary computer, then the number 
must be translated back from reflected binary to nat-
ural binary, or else the computer must be capable of 
handling reflected-binary numbers. Although reflected-
binary computing circuits can be devised, such circuits 
require an auxiliary function similar to the translation 
process. Accordingly, a translation function must be in-
cluded somewhere in such a tandem arrangement, and 
it was chosen, in the undertaking here reported, to pro-
vide this translation among the functions to be per-
formed by the model system constructed. 
Fig. 4 shows an expanded functional block diagram 

of the system as it has been described so far. While the 
shift register and translator blocks are shown separately 
in the figure, it will be shown later how it was found 
possible to so combine these functions as to cause the 
translation of the reflected-binary number into its 
natural-binary equivalent as the number sits in the 
stages of the register. 
The system is under the timing control of a program 

generator which puts out pulses to the various parts of 
the system, causing them to perform their respective 
functions at the proper instants in the sequence of 
system events. The program sequence is illustrated in 
Fig. 5. The relation of the program pulses to the opera-
tion of the encoder-transmitter is as follows: 

- .-1667-r-1667-4 .- 1667-4--1667-1--1667--1-1667-4---- 54 X 1667 ---..-I 
:...ti SEC ...,/,/ SEC. ..,aSEC  ,...e/SEC. _,././ SEC  _...e.SEC  _Az SEC , 
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....__  _ 
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Fig. 5-System program sequence. 
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A READ pulse applied to the light source causes 
simultaneous photoelectric sampling of the reflected-
binary code digits on the code plate. These digits ap-
pear at the pulse-regenerator outputs in the form of 
parallel reflected-binary digits and are stored simul-
taneously in the register. After stabilization of the 
register is complete, a negative TRANSLATE pulse ap-
plied to the translator permits a particular NOT AND 
comparison of digits with the result that the stored re-
flected-binary digits are translated into stored natural-
binary digits. After this process is complete, a series of 
shift pulses applied to the register causes a shift of the 
natural-binary digits out of the register in time se-
quence. 
The time interval between READ and TRANSLATE 

pulses is expanded to show the timing delays in the en-
coder, regenerator, and register which must elapse before 
the TRANSLATE pulse is applied. Photocell output-
current pulses reach their peak value practically simul-
taneously with the light flash about 5-15 µsec after the 
READ pulse begins. Storage delay in the inputs of the 
pulse regenerators adds about 15-25 µsec to the light-
flash delay with a resulting maximum delay of 40 µsec 
between the rise of the READ pulse and the rise of the 
regenerator output pulses. A stabilization time of about 
160 µsec is then allowed for the registers to store the 
parallel code digits before translation is initiated. The 
negative TRANSLATE pulse is then applied in the 
translator-register to a regenerative 'pulse amplifier 
whose trailing edge triggers a second amplifier. The 
triggering process is duplicated through five amplifiers 
in sequence, with a resulting train of 60 /.4sec pulses whose 
positive leading edges initiate the translation process in 
the successive register stages, beginning with that of the 
most significant digit. Next a series of 6 SHIFT pulses 
shifts the stored binary digits out of the register at time 
intervals of 1,667 µsec. 
The bulk of the remainder of this paper will be de-

voted to a more detailed discussion of the separate 
function-blocks of Fig. 4. Attention will be called to the 
use of transistors and other semiconductor devices 
throughout and to the circuital means by which the 
various functions are realized. 

A. The Optical Encoder 

The functional principles of optical position encoding 
were discussed previously. This section is devoted to a 
description of the encoder actually constructed. An early 
choice had to be made between a number of alternate 
positions of the light source, code plate, reading slit, 
photocells, and optical components, if any. Fig. 6 shows 
side-view and top-view section diagrams of the arrange-
ment finally selected. The code is provided on the rear 
surface of the code plate, and the 0.0005-inch reading 
slit is on the front surface of the stationary plate. This, 
in turn, is secured to the front face of a plastic block 
in which are embedded the six photocell elements. This 
arrangement was chosen because it presented what was 

deemed the most advantageous combination of the 
following desiderata: (1) greatest useful light flux actu-
ally reaching the photocells; (2) least fuzzing out of the 
edges of the code shadows because of diffraction, hence 
consequent maximization of resolving power; (3) least 
danger of cross talk between adjacent digit rows; and 
(4) elimination of the need for optical components and 
elaborate mechanical means for providing their adjust-
ment. 
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Fig. 6—Diagrams showing the arrangement of the parts of the 
encoder; upper, side view, lower, top view. 

The light source was a Sylvania SA-309 gas flash 
tube, operated by discharging through it a 2 µF con-
denser charged to 600 volts, and triggered at the 10-cps 
repetition rate by a conventional trigger circuit under 
the control of the READ pulses from the program gen-
erator. This light source is indicated in Fig. 7. It is 
completely housed in a metal shield which also contains 
the condenser and trigger circuit. The flash tube is about 
0.20 inch in diameter and about I inch long, so arranged 
that its length is parallel to the reading slit. The actual 
core of light has a diameter considerably smaller than 
0.2 inch. The tube is about  inch away from the code , - 
surface. 
The code plate was made by photographing, with the 

desired reduction in size, a master code pattern ac-
curately drawn on paper. The reduction was such that 
the pattern of the least significant digit consisted of 
alternating light and dark lines 0.002 inch wide, cor-
responding to a 0.001-inch quantum distance in re-
flected binary. Each digit row is 0.100 inch wide so that 
the entire 6-digit number can be read by a line of photo-
cells 0.600 inch long. Some of the sharpness of the edges 
of the code pattern is lost in the photographic process 
because of emulsion grain and aberrations in the photo-
graphic lens. Examination of the code plate under the 
microscope showed a confusion of about 0.0002 inch at 
the edges of the code lines. The code plates so produced, 
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Fig. 7—Photograph of the encoder register. 

however, were deemed satisfactory for the purposes of a 
feasibility demonstration. Fig. 8 shows a reproduction 
of this code pattern. 

Fig. 8—Reproduction of 6-digit code plate. 

The code plate mounting is shown in Fig. 7. It consists 
of a frame onto which the code plate can be clamped. 
The frame, being suspended on a spring-leaf mounting, 
is movable in one dimension parallel to the code plane. 
The movement of the frame is controlled by a microme-
ter screw provided with a drum head reading to 0.0001 
inch. This head can be rotated manually to provide 
displacement of the code plate. 
The six photocells are embedded in a clear bioplast 

block which is mounted in a holder having adjustable 
motion perpendicular to the code plane. This holder is 
indicated in Fig. 7, with a photocell block in place. 
Provision is made for clamping the photocell block so 
that the plane of the reading slit plate is parallel to the 
code plane, and the clearance between the movable code 
plate and the stationary reading-slit plate and photocell 
block can be adjusted. A nominal clearance of 0.010 
± 0.005 inch was used in these studies. 
The photocells are the p-n junction elements of M-

1740 photocells.' These elements are mounted 0.100 

REGISTER 

TRANSLATOR 

inch apart, with their p-n junctions in a straight line, 
and with their front surfaces 0.010 inch inside the front 
face of the block. Connections are made within the 

of 6-digit photocell Fig. 9 —Photograph block without reading slit. 

block to a 7-hole subminiature socket embedded flush 
with one of the surfaces of the block. The thin glass 
plate bearing an 0.0005 inch reading slit engraved in an 
opaque coating on its front surface' is attached to the 
front face of the block, with the slit parallel to and im-
mediately over the line of the p-n junctions. This plate 
is 0.020 inch thick. The photograph of Fig. 9 shows a 6-
cell block before the attachment of the reading slit 
plate. 

2 J. N. Shive, "I'roperties of the M-1740 p-n junction photocell," 2 The reading-slit plate was engraved by Lyman Nichols. ('berry-

v"!0 40, pp. 1410 -1414; this issue. burst, Fort Collins, Colo. 
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With the geometry of the optical parts of the encoder 
as described, the width of the band of light incident upon 
a photocell surface due to the width of the reading 
slit, the angular width of the source as seen through 
the reading slit, and the calculated broadening due to 
diffraction, are about 0.012 inch. It is evident that this 
width is less than the width of the spatial response curve 
of the photocell ;4 hence most of the light entering the 
reading slit is effectively used by the photocell. 

B. Pulse Regenerator 

A typical code-resolution envelope of peak p-n-
junction photocell output current versus relative posi-
tion of the code plate for any one digit is shown in Fig. 
10. The dotted waves indicate the shape of the output-

P
•
N
 
C
U
R
R
E
N
T
 
P
U
L
S
E
 
 

 

NO 
TRANSMISSION 

POSIT ION OF  CODE 

TI ME 

Fig. 10—Code-resolution curve of photocell output. 

current pulses as functions of time. The envelope ex-
hibits a trapezoidal form, deviating from the ideal 
rectangular (full on-full off) form because of the finite 
width of the reading slit. In addition some light leakage 
exists in opaque positions due to transmission through 
adjacent transparent portions of the code to the de-
fining aperture. To reduce transition ambiguity to a 
small fraction of a quantum step a level discriminator 
is needed which will ignore output pulses when their 
current peaks are below a certain threshold amplitude 
and which will pass those with current peaks above this 
threshold. Ideally such a threshold should be equal to 
the peak p-n output-current-pulse amplitude occurring 
at equal on-off code distance points as indicated on 
Fig. 10. Regeneration of the p-n current pulses is also 
necessary because of their limited amplitude and en-
ergy. A circuit which conveniently combines the func-
tions of threshold discrimination and pulse regeneration 
is the transistor monostable multivibrator of Fig. 11. 
The typical emitter characteristic shows a negative-

resistance portion which permits monostable multi-
vibrator action. With negative-emitter bias the input-
impedance is high (-,,25,000 ohms) and remains high 
until the triggering point is reached. A zero-impedance 
voltage source (condenser C) supplies the necessary cur-
rent during the short but finite interval when the op-
erating point is traversing the zero-impedance region. In 
order that the critical triggering voltage be independent 

N. Shive, op. cit., fig. 3, p. 1411. 

of the value of C, the latter must be small enough to be 
almost completely charged to the desired triggering 
value during the rise time of the p-n output current 
pulse. For the type of pulse shape encountered in this 
application that optimum value of C was found to be 
300 twf, but such a small C resulted in a rather short 
output pulse  µsec). To increase the output-pulse 
energy somewhat at a slight cost in input sensitivity, 
C was raised to 500 N.V. The resulting output pulse is 
shown in Fig. 11. Its amplitude exceeds a minimum 
amplitude (V2) for an average duration of 4 µsec. The 
energy and amplitude of this pulse are adequate for 
operation of the following register. In cases where a 
longer output pulse is required, an additional regenera-
tor of the same type but with a much larger value of C 
may be used in tandem following the former circuit. 
The monostable multivibrator in Fig. 11 has a trigger 

threshold which is reasonably independent of transistor 
variations. The bias current flowing through R1 is es-
sentially constant, determined largely by the values of 
Eb and RI, since R1 is much higher than the transistor 
input impedance to ground in the off condition. Trigger • 
threshold is stabilized by shunting between emitter and 
base a resistance R2 whose value is low in comparison 
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Fig. 11—Transistor pulse regenerator characteristics. 

to the back resistance of the emitter. A small variation 
in threshold is caused mainly by a complex combination 
of currents flowing through the collector-to-emitter 
leakage resistance and base resistance. When the circuit 
is used with trigger threshold suitable for this applica-
tion, the maximum threshold variation is about +25 
per cent, and is tolerable as a level reading variation. 
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Fig. 12—Pulse regenerator connecting circuits. 

The maximum trigger rate for this regenerator is 10,000 
• times per second. The pulse regenerator was coded 
M1733-2 and was packaged in bioplast using the 
auto-sembly technique of wiring. The package was 
designed to fit into a 7-pin miniature tube socket. The 
6 \l 1733-2 regenerator circuit packages are shown in 
Fig. 7 following the encoder to the right. 
The circuits interconnecting the pulse regenerator 

photocells and registers are shown in Fig. 12. Negative 
bias is supplied to each photocell through bias resistors 
R5. The bias resistance was chosen to be small in 
comparison to the very high (several megohms) reverse 
impedance of the p-n photocell but large enough not to 
load appreciably the regenerator input impedance of 
25,000 ohms. 
The photocell output currents are coupled to the 

regenerators through condensers C1 to insure that slow 
dark current increases with temperature will not trigger 
any regenerator falsely. If this restriction were not pres-
ent, photocell bias could have been supplied by the 
negative dc voltage at the regenerator input. An ad-
vantage accruing from the use of a pulsating light source 
is that the ac sensitivity characteristics of the p-n junc-
tion photocell, which are fairly constant with tempera-
ture, can be utilized. 

C. Translator—Register 

I. Digit Shtfting Register. The purpose of the shift 
register is to store the parallel code information received 
from the encoder, and under the control of the program 
generator to shift the code information serially to the 
register output.6 The particular type of shift register 
employed in this system is shown functionally in Fig. 
13. The principal part of the register is the ONE BIT 
storage circuit, a transistor circuit similar in action to 

6 The general problems of information storage and digit shifting 
are discussed in a companion article by J. R. Harris, "A transistor 
shift register and serial adder," PROC. I.R.E., vol. 40, pp. 1597-1603; 
this issue. 

the familiar bi-stable multivibrator. This circuit is de-
scribed in detail in Harris's article. Each of these storage 
circuits is set to a condition 1 or left in a condition 0 
depending on the original code information from its 
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Fig. 13—Functional diagram of digit-shifting register. 

associated digit of the encoder. At the time it is required 
to step the first digit out of the register, the first program 
SHIFT pulse is applied simultaneously to all the inter-
stage threshold two AND gates and the set-to-0 input 
of storage circuit no. 1. The first SHIFT pulse, there-
fore, sets storage circuit no. 1 to 0 and enables one of the 
two AND gates in all of the interstages. That AND 
gate which is enabled is determined by the original con-
dition of the storage circuit just ahead of the interstage. 
The delay provides the memory of this condition even 
though the controlling storage circuit may already be 
changing condition. Therefore, if storage circuit no. 1 
is in condition 1 just before the first SHIFT pulse is 
applied, the gate on the set-to-1 lead of storage circuit 
no. 2 is enabled, causing the first SHIFT pulse to set 
circuit no. 2 to 1 if it was previously in condition 0, or 
leaving it in condition 1 if it was initially in condition 1. 
Likewise, the state of storage circuit no. 2 is transferred 
to circuit no. 3 and the state of storage circuit no. 3 to 
a following circuit at the time of the first SHIFT pulse. 
In effect, the original number stored in the register is 
shifted one digit to the right. Successive SHIFT pulses 
perform the same operation, each pulse shifting the 
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stored number one digit to the right until all digits of the 
number have been shifted out of the register. In the 
actual shifting circuit used for the combined translator-
register circuit, the first two stages of which are shown 
on Fig. 14, the delay and gating functions are ac-
complished with a simple R, C, and diode network, the 
circuit of which will be described in detail later. These 
gates are driven from a single transistor regenerative 
amplifier triggered by the program Sliivr pulse. 

SHIF TING DIRCCTION 

Fig. 14—Schematic of digit-shifting register. 

TO 0 Fr vit 

INTE R 5 TA U- 5 

An important feature of this type of shift register is 
that the interstages are entirely under the control of 
the program generator; hence they will not act on 
changes in the register which occur because of other 
processes such as the translation process which is de-
scribed in the following section. 
2. Translator. Although it is possible to describe the 

arithmetical gymnastics which show the required trans-
lator process, it is simpler to describe here the basic 
process by comparison of the representative groups of 
reflected-binary and natural-binary numbers shown in 
Fig. 15. Although only four digits are shown, the general 
rules apply to any number of digits. In examining the 
two different codes it is readily seen that the most sig-
nificant digits of the codes are always the same in 
equivalent numbers. In the example shown in Fig. 15 
the first translation step shows the most significant 
digit (first) becoming binary without change. The next 
or second digit of the natural-binary number depends, 
however, on the comparison of the second reflected-
binary digit and the first binary digit. If in this com-
parison the digits are alike (0, 0, or 1, 1), the resulting 
binary digit is a 0; if they are different (0, 1, or 1, 0), the 
resulting second binary digit is 1. In turn, the third 
binary digit depends on the same comparison of this 
resulting second binary digit with the third reflected-
binary digit. When these comparisons have been com-
pleted down to the least significant digit, the result is 
the equivalent binary number. 
A basic functional configuration for translation of 

parallel reflected-binary code is shown in Fig. 16. Here 
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00 01 
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O 0 1 1 
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0' I 0 I 

O 1 I 0 
O 1 1 1 

°O 0° °I 

10 1 0 

10 1 1 

1 1 0 0 

1 1 0 I 

'I to 
11 1 1 

Fig. 15 -Comparison of reflected- and natural-binary codes. 

the NOT AND gates provide the series of comparisons 
described above. The NOT AND gate is a device such 
that if either one, and only one, of the two inputs is 

i9E-FL EC T ED 
Bins4,9y  AvA:34/7— 

.46." 

—0-  NOT A/VD 

0 

Ne:27-.4N0 

.67 V,4,49Y  ovrAT/7-
Fig. 16—Parallel translation. 

 1 
--•- /H27.4/V.0 

stimulated with 1, the output will be a 1. If both or 
neither are stimulated, the output is 0. The connections 
to these gates are such that the nth binary digit is the 

IL 
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result of the myr AND comparison of the nth re-
fiected-binarY digit and the (n +1)th digit resulting 
from a similar previous comparison. It is apparent that 
the binary input to any NOT AND gate is delayed with 
respect to the reflected-binary input from the encoder 
by the time required for the previous comparisons of 
the more significant digits. The NOT AND gate must 
therefore be capable of comparing two input pulses that 
arc not neceisarily coinciden t. 
Investigations of the shift-register circuits showed the 

possibility of combining the functions of translator and 
shift register, reducing the total number of components 
required for these two functions. This resulted in a pro-
gram controlled Nt :\  ) gate configuration shown in 
Fig. 17. The essential parts of this gate are the ONE 
BIT register of the shift register, and a supplementary 
threshold two AN D gate. As indicated in this figure, 
steering control has been added to the second register. 
The function of the steering control is to control input 
pulses in such a way that they always change the state 
of the register. That is, if the register is in a state of 1, 
a pulse on the input will change it to a 0; if the state is 
a 0, a pulse will change it to a I. This action is identical 
to the count action of a binary-counter stage. 

SET 

OWE 
8/ r " 
REG/S-
TEA' 

sEr " 

"ONE 
8/7" - 
REU/S-
TE.9 
fr 2 

STEER/Mc 
CONTROL 

Fig. 17—Program controlled NOT AND gate. 

To examine the operation of this gate, assume that 
both registers have been cleared by a previous operation 
and that a new pair of digits is read into the register 
stages by setting those stages to I where the digit is a 1 
and leaving the other stages in a zero condition. A 
TRANSLATE pulse is then applied to one of the inputs 
of the AND gate. This gate is connected to the first reg-
ister in such a way as to transmit the compare pulse only 
if that register is in a I condition. If the gate does trans-
mit a pulse, it will then change the state of the second 
register. The final state of the second register is the 
NOT AND comparison of the original numbers. This 
can readily be checked by trying the four possible com-
binations: 0, 0 and 1, 1 which result in a 0; and 1, 0 and 
0, 1 which result in a 1. A desirable feature of this gate 
is that the input signals to be compared do not have 
to be coincident. The only timing requirement is that 
the registers be set before the TRANSLATE pulse is 

applied. 

Fig. 18 shows the configuration for a' parallel re-
flected-binary to natural-binary translator incorporat-
ing this NOT AND gate. Each register stage is also a 
part of a complete shift register, the connecting circuits 
of which are not shown for reasons of simplicity. To 
examine the translation operation, assume that the shift 

REFLECTED 
BINARY CODE INPUT 

I I 0 I 

FINAL STATE OF REGISTER STAGES 
AFTER TRANSLATION 

10 01 

Fig. 18—Functional schematic of reflected-binary 
to natural-binary translator. 

register has been cleared initially so that all ONE BIT 
registers are in a state of 0. Under the control of the 
system program READ pulse a reflected-binary code 
number is "read" in to the encoder and the digits, in 
short-duration pulse form, are applied to the inputs of 
the register. When the condition of the register has 
stabilized, storing this parallel reflected-binary code 
number, a TRANSLATE program pulse is applied at 
the first AND gate. The NOT AND comparison de-
scribed above is then made for the most significant 
digit in the first register and the next digit in the second 
register. The resulting condition of the second register 
is the binary equivalent of the original reflected-binary 
digit. After a time delay of sufficient length to insure 
translation and stabilization in the second register,the 
TRANSLATE pulse is applied to the second gate, com-
paring the state of the second and third registers. After 
this comparison, the digit in the third register is in 
binary form. Again, after an appropriate delay the 
TRANSLATE pulse is applied to the third gate, with 
the result that all registers are then storing the binary 
equivalent of the original reflected-binary number. 
Fig. 19 shows in schematic form the details of the 

translator described above. For simplicity, only three 
storage registers are shown and the interstages for digit 
shifting are omitted. The method for steering control 
for this register is shown in Fig. 20. In this figure assume 
transistor no. 1 of the register is in the on condition, in 
which case its base and collector are at approximately 
—10 and —12 volts, respectively. The difference be-
tween these voltages, 2 volts, is the effective back volt-
age on diode no. 1 of the steering circuit. At the same 
time the base and collector of the off transistor are —4 
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Fig. 19—Partial translator schematic. 

and —35 volts, respectively, biasing diode no. 2 ap-
proximately 31 volts in the back direction. It is appar-
ent that under these conditions a positive input pulse 
on the control circuit, having an amplitude between 20 
and 35 volts, would be readily steered through diode 
no. 1 to the base of transistor no. 1, turning it off and 
transistor no. 2 on. The storage effect of CI and C2 

tends to keep the input pulse correctly steered until 
the register has completely changed state. After several 
time constants of RIC, (or R2C2) diode no. 2 becomes 
the readily conducting diode to an input pulse, enabling 
the next input pulse to turn transistor no. 2 off and no. 1 
on. This circuit is identical to the circuit of the inter-
stage in the shift register. In the interstage, however, 
the input to a register stage is controlled by the state 
of the previous stage rather than the same stage. To 
provide sufficient triggering level for the register stage 
a transistor regenerative gate° is used for the AND 
gating function as indicated in Fig. 19. 
The delays for the TRANSLATE pulses are ob-

tained from the cascaded stages of regenerative pulse 
amplifiers in the following manner: At the time the 
negative program TRANSLATE pulse is applied, the 
first regenerative amplifier (REGEN AMP no. 1) is 
triggered, providing a positive output pulse of about 

6 R. L. Trent, "A transistor reversible binary counter," PROC. 
I.R.E., vol. 40, pp. 1562-1573; in this issue. 

60 ilsec duration. The positive leading edge of this pulse 
is applied to the first gate, while 60 µsec later the nega-
tive trailing edge triggers AMP no. 2. The positive lead-
ing edge of the output pulse of AMP no. 2 is applied to 
the second gate; while 60 µsec later AMP no. 3 is trig-
gered by the trailing edge. This action continues along 
the entire chain of amplifiers, providing in each step a 
delay of approximately 60 µsec. 

Fig. 20—Steering control. 

As seen in the diagram of Fig. 19, the output of the 
regenerative amplifier is differentiated and attenuated 
from approximately 25 volts to 20 volts by the con-
denser divider network, C1 and C2, providing the proper 
critical triggering level for the regenerative gate. When 
the regenerative gate is triggered, the emitter current 
maintaining the transition of the gate in the "ON" 
condition is supplied by the charge stored in C1 and C2. 
CI and C2 in parallel, therefore, determine the charge 
available in the output pulse of the gate. Two considera-
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tions determine the value for the parallel combination 
of C1 and C2. If the register controlling the regenerative 
gate has just changed state because of the translation of 
the digit it was storing, the change must be applied to 
the gate before translation of the next digit by charging 
C1 and C2 in parallel through RI. The higher the value of 
C1 plus C2, the greater the time required per digit for 
translation. Yet CI and C2 must be sufficiently large for 
the gate to supply an adequate signal charge for setting 
its associated register stage. As high-speed translation 
was not required in this system, it was possible to make 
CI plus C2 large enough to meet this requirement. Where 
higher speed translation may be required, a nonstorage 
type gate might be used in conjunction with regenerated 
gain. 
3. Program Generator. The sequence of timing pulses 

is produced by a vacuum-tube program generator of 
conventional general layout. The use of vacuum tubes, 
while appearing as heresy in a transistor endeavor, was 
dictated by the following circumstances. (a) The requi-
site number of transistors was not readily available at 
the time this project was undertaken. (b) An all-
transistor program generator had already been con-
structed as part of a companion project, so that feasibil-
ity proof of such a system function using transistors was 
not at issue. The pulse program for the present system 
has already been discussed. 

III. PERFORMANCE 

The ultimate proof of performance is the ability of 
the system to deliver to the output, every tenth of a 
second, a six-digit natural-binary word whose l's and 
O's are recognizable and which is uniquely representative 
of the position of the shaft, with resolution of every 
quantum step. The system as constructed met these 
requirements. Visual evaluation of the performance was 
obtained by terminating the register output in a re-
sistance simulating an output load and observing on an 

oscilloscope screen the appearance of the output word 
pulses. The entire traverse of the encoder could be 
scanned without the loss of a single quantum and with-
out failure to encode, register, translate, or shift. 
It can be appreciated from the consideration of the 

foregoing sections that the resolution of every quantum 
position depends on the proper relative adjustments of 
light intensity, photocell sensitivity, and  trigger 
threshold of the pulse regenerator. A decrease in light 
intensity and/or a decrease in photocell sensitivity 
causes the system to read 0 slightly before the code 
plate comes to the exact transition point of a digit 
from 1 to 0. Similarly, decreasing the trigger threshold 
causes the s) stem to read 1 slightly beyond the exact 
transition point of a digit from 1 to 0. If the system 
is to resolve every quantum, these deviations must be 

kept less than ± 0.0005 inch. Operational tests have 
shown that the variability of photocell sensitivity from 
unit to unit and the variability of trigger threshold 
from channel to channel in the system as constructed 
are comparatively unimportant. The most serious per-
formance limitation of the present system is the de-

crease with time, over a period of a few hundred hours, 
of the intensity of the light source. 
One of the objectives of this project was to demon-

strate the conservation of size, weight, and electric 
power which the use of transistors and miniature cir-
cuitry makes possible. In Fig. 7, which shows the system 
exclusive of power supply and program generator, the 
encoder is 61 by 81 by 41 inches; the bank of regenera-
tors is 2 by 71 by 31- inches; and the translator-register 
is 51 by 71 by 31 inches. The combined weight of these 
three units is 7 pounds. A power consumption of 16 
watts is itemizable. 

light source  8.0 watts 
photocell block  0.36 watt 
pulse regenerators  0.45 watt 
translator-register  7.2 watts 

16.0 watts 

Substracting the power used by the light source, the 
total power per digit for the performance of the purely 
information-handling functions of reading, regeneration, 
storage, translation, and shifting is only 1.3 watts. 
When the system was first put into operation power-

supply voltage deviations of + 20 per cent from nominal 
were tolerable for operation of the system. At the end 
of a six-month period these tolerances decreased to 
about + 5 per cent. This difficulty was not considered 
irremediable since new techniques in packaging tran-
sistor circuits have been developed which avoid these 
aging effects. 
The original model was operated continuously during 

working hours for a period of three months. During this 
time one replacement of the discharge lamp and one 
replacement of the trigger tube in the lamp circuit were 
made. All photocell, diode, and transistor circuits per-
formed satisfactorily. 

IV. CONCLUSION 

An optical position encoder and translating shift 
register have been described. This system performs the 
functions of photoelectric encoding, pulse regeneration, 
digit storage, reflected-to-natural binary translation, 
and digit shifting by means of circuits using transistors 
and other semiconductor devices. Although these func-
tions may be performed by vacuum-tube circuits, it has 
been demonstrated that the use of semiconductor active 
devices results in considerably less power consumption, 
size, and weight. The satisfactory performance of this 
system clearly shows the usefulness of transistors in 
computing systems of some complexity. 
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Regenerative Amplifier thr Digital Computer 
Applications* 

J. 11. FELKERt ASSOCIATE, IRE 

Summary—A description of the negative-resistance properties of 
the point-contact transistor is presented as an introduction to the 
description of a regenerative amplifier. The choice of circuit parame-

ters for the amplifier is discussed and a sample design presented. 
The illustrative amplifier regenerates digital information at a mega-
cycle rate and develops pulses with rise times of less than 0.05 Asec. 
It operates from supply voltages of 16 and -8 volts, with a battery 
drain of less than 0.05 watt. A complete set of computer building 
blocks has been designed around the amplifier. Their use is illus-
trated in two computer applications. 

I. INTRODUCTION 

A. Basic Considerations 

TI1E following introductory ma ter ial has  been  in-
cluded in the hope that it will supply some of the 
basic concepts which, when missing, make tran-

sistor circuits difficult to understand. The readers with a 
background in transistor circuitry may well choose to 
proceed directly to the next section. 
For the circuit designer one of the most useful tran-

sistor concepts in nonlinear circuits is based on the 
properties of semiconductor diodes. Consider the con-
ventional germanium point-contact diode. When this 
diode is biased in the back direction, it has a high im-
pedance that is generally greater than 10,000 ohms. 
When the voltage is carried positive, the impedance of 
the diode is reduced to a value of a few hundred ohms. 
Consider a piece of germanium having two metallic 
points on it that are very close together. Connect the 
germanium (base) to ground. Bias one point (emitter) 
in the forward direction and bias the other point (col-
lector) in the back direction. Looking into the emitter, a 
low impedance of the order of several hundred ohms will 
be seen. Looking into the collector, a much higher im-
pedance will be seen. As the emitter current is varied, 
the back impeiance of the collector diode is modulated. 
The transistor emitter can be viewed as a terminal 
which controls the effective impedance between collector 
and base. 

A transistor in which a change of emitter current 
produces an equal current change in the collector will 
have voltage gain because of higher collector imped-
ance. In the point-contact transistor there is a current 
multiplication in addition to voltage gain. These tran-
sistors can be built to exhibit consistently current 
multiplication greater than 1. When the current gain, 

A ie 

(I) 
A i*  constant collector voltage, 

• Decimal classification: R282.12 X R363.23 X621.375.2. Original 
manuscript received by the Institute, July 17, 1952. 
I Bell Telephone Laboratories, Inc., Whippany, N. J. 

where i. flows into the emitter and ie flows into the 
collector, is greater than 1, a negative input impedance 
can be obtained. This negative impedance is not limited 
to a band of frequencies, but is exhibited at dc as well as 
high frequencies. Because of this, the equivalent of 
many conventional two-tube circuits, such as free-
running multivibrators, single-shot multivibrators, and 
bistable flip-flops, can be built with a single transistor. 
Since the point-contact transistor has a greater band-
width than the junction type, and also exhibits useful 
negative-resistance properties in simple circuits, most 
high-speed switching work is based on its use. 

re 

i.e 

EMITTER 
VOLTAGE 

WHERE ac = rc rm + rb  
+ rb + RI 

(a) 

rc 

EMITTER CURRENT 

(b) 

Fig. 1—Emitter characteristic. (a) Equivalent circuit. (b) Input 
characteristic for (cte-1) re>r.. 

An equivalent circuit of the transistor is shown in 
Fig. 1(a).' This is the conventional circuit except that, 
rather than the current gain for zero load impedance 
(1), the current gain, 

± 
crc =   

r,± rb  Ri 
(2) 

is used; this represents the actual ratio of the collector 
current to the emitter current for a specific load im-
pedance (RI). 

' R. M. Ryder and R. J. Kircher, "Some circuit aspects of the 
transistor," Bell Sys. Tech. Jour., vol. 28, pp. 367-401; July, 194') 

11 
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B. Cutoff and Overload 

Remembering the analogy between a transistor and 
two diodes, consider the equivalent circuit with the 
emitter and collector both biased in the negative direc-
tion. The emitter and collector currents that flow will 
each be the back current of a diode and the transistor 
is cutoff. (It is assumed that the transistor base ma-
material is n-type.) If the emitter voltage is brought up 
towards ground, the collector current will remain con-
stant and the emitter current will decrease slowly 
(Fig. 1(b)) because the impedance seen at the emitter is 
high. When the emitter current is zero, the collector cur-
rent flowing through the base impedance will have 
biased the internal node of the equivalent circuit 
slightly negative. As soon as the emitter voltage gets 
positive enough for positive emitter current to flow, r„ 
becomes quite low and comparable to the forward im-
pedance of a diode. At that point the transistor becomes 
an active element and exhibits current gain. This point 
is known as the "peak point." 
Suppose, for example, that the a, of the transistor is 2. 

For every milliampere of forward current put into the 
emitter, 2 ma will flow out of the collector and 1 ma 
will flow into the base terminal carrying the internal 
node of the equivalent circuit below ground. If the base 
impedance of the transistor is greater than the emitter 
impedance, the emitter Nx ill be carried negative as the 
positive emitter current is increased. This is the mech-
anism whereby the transistor develops a negative input 
impedance and is fundamental in many circuits. The 
slope of the characteristic is given by 

r = — (a, — 1)rb  r.. (3). 

As the emitter current continues to increase, the in-
ternal node goes farther and farther negative. At the 
same time, the collector current flowing through the 
load impedance is raising the collector terminal more 
positive. When the internal node has fallen to the 
voltage to which the collector terminal has risen, the 
transistor gain is cutoff. This point is called the "valley 
point" and occurs because the flow of the emitter cur-
rent has reduced the effective collector impedance to a 
minimum value. In one sense this is comparable to the 
saturation which occurs when a vacuum tube has a series 
cathode resistor. A positive grid voltage may bring the 
cathode up and the plate down to the same potential, 
thereby reducing the ac impedance between plate and 
cathode to the impedance of a diode. The two cases are 
different in the important respect that for the transistor 
the peak (cutoff) point is more positive than the valley 
(saturation) point, which makes the emitter current a 
multiple-valued function of the emitter voltage. Another 
practical difference is that the internal node, unlike the 
cathode terminal of a vacuum tube, is not accessible. 
Once the emitter current is large enough to overload 

the transistor, the device becomes a nonlinear but pas-

sive network and further increases in emitter current 
will raise emitter voltage. Impedance seen at the emitter 
will be the impedance of the equivalent emitter diode 
plus parallel impedance of base and collector circuits. 
Impedance of the collector circuit will be approximately 
equal to load impedance because the drop between the 
internal node and the collector terminal approaches a 
constant and low value in overload. 
The picture given above. is greatly idealized. The 

peak point was described as occurring at the transition 
point between negative and positive emitter currents. 
Actually, it cannot occur (see (3)) until a, is greater 
than 1. This does not occur at zero emitter current, but 
generally occurs at a positive current of the order of 
50 /la. The characteristics obtained in practice are gen-
erally rounded out at the valley point and the peak 
point. The fact that the transition from positive im• 
pedance to negative impedance in the vicinity of the 
peak point is gradual increases the current required to 
trigger the transistor because triggering is determined 
by the magnitude of the negative resistance (see (9)). 
It is useful to have a general idea of how the transistor 

and circuit parameters affect the turning points.' This 
understanding is best obtained by considering the po-
tential at the internal node of the transistor equivalent 
circuit (Fig. 1(a).). The principal reason that the peak 
voltage is not at ground is that for zero emitter current 
and a specified collector voltage V., some collector cur-
rent, MO, ITO, flows through the base resistance rb and 
biases the internal node negative. The larger the prod-
uct rbr,(0, IT.) the more negative the peak point, be-
cause the transistor becomes an active element when 
the emitter terminal is positive with respect to the 
internal node. A high load impedance will make the 
peak point approach ground because the drop produced 
across it will make the collector voltage more positive, 
and therefore lower the collector current. Since the 
emitter current at the turning point must be sufficiently 
positive to make (3) equal to zero, the peak voltage 
measured at the emitter will be slightly more positive 
than the potential computed for the internal node. 
Useful approximations to the valley voltage and cur-

rent can be computed. At overload the voltage between 
the internal node and the collector terminal will be re-
duced to a small and nearly constant value V.. From 
the equivalent circuit of Fig. 1(a), the emitter current 
at the valley (h,) must satisfy the relationship 

• 

I.(a, — 1)rb 

and therefore 

+ V. + Ia RL = Ecc, 

— E,„ — V. 
= • (4) 
(a, — 1)rb  acRL 

2 For a more complete analysis of the transistor turning points, see 
A. E. Anderson, "Transistors in switching circuits," PROC. I.R.E., 
vol. 40, pp. 1541-1559; this issue. 



1586  PROCEEDINGS OF TIIE  November 

This shows that the valley current is increased by a 
decrease in a., rb, or RL. 
The valley voltage (E.) will be given by 

= — I,(a, — 1)r + /.r., 

which can be written as 

TI 

(a.  1)rb) 
= 

(E0, V,)(1 

1 + 
acRL 

(a. — 1)rb 

This shows that if (a, —1)r b is large compared to 
RL and r., then the valley voltage is nearly the collector 
supply voltage. If .the valley voltage is far removed 
from the collector supply voltage, then any increase in 
the base impedance or any decrease in the load im-
pedance will deepen the valley. 
It should be realized that (4) and (5) are based on as-

sumptions that are not always justified. It was im-
plicitly assumed in the derivations that the peak voltage 
was zero and that all currents were zero at the peak 
voltage. It was also assumed that the emitter, base, and 
collector currents are linearly related for positive emitter 
current. The assumption that the valley occurs at col-
lector overload may not be justified in particular cases 
because there is evidence that the high rb of some tran-
sistors drops to a low enough value to make the input 
resistance (see (3)) positive at a current that is less than 
the current-producing overload. In spite of these reser-
vations (4) and (5) provide a useful basis for estimating 
the relative importance of r., rb, RL, and a, in determin-
ing the valley point. 
A numerical example of the use of these equations 

may be of interest. If for example 

(5) 

r. = 125 

rb = 2000 

RL = 500 

a. = 2 

E„ = —81, 

V. = 1 

(6) 

(3) gives —1,875 ohms for the emitter impedance. 
Equations (4) and (5) give 21 ma and —41 volts for 
the valley current and voltage. 

C. Negative-Resistance Characteristics 

The discussion of the equivalent circuit has explained 
the origin of the negative resistance seen at the emitter. 
This negative resistapce is called the "series type"3 for 
reasons which may be explained with reference to Fig. 
2(a). Note that at the turning points a and b, the re-
sistance becomes zero. Therefore a generator feeding the 
negative resistance through a large enough series posi-
tive resistance will see, if the circuit does not oscillate, 
a positive resistance for all values of current and voltage. 
This is not true of all types of negative resistance. In 
particular, the shunt type shown in Fig. 2(b) cannot be 

G. Crisson, "Negative impedance and the twin 21-type re-
peater," Bell Sys. Tech. Jour., vol. X, p. 485; July, 1931. 

made to look positive by adding series positive resist-
ance because at the turning points a and b the nega-
tive resistance has an infinitely large magnitude. How. 
ever, if a low enough value of positive resistance is put 
in shunt with this negative resistance, the combination 
will have a positive resistance even at the turning 
points. Note that the series type (Fig. 2(a)) goes through 
zero at the turning point; therefore no matter how low 
a resistance is put in parallel, in the vicinity of the 
turning point the parallel combination will be a negative 
resistance. 

The type of negative resistance seen at the base of 
a transistor when a, > 1 and rb is small is the shunt 
type shown in Fig. 2(b). If the base impedance is high, 
the v-i characteristic will be shown in Fig. 2(c). Note 
that the characteristic has a negative slope only from a 
to b and c to d. If positive series resistance is added to a 
shunt resistance characteristic, the curve of 2(b) will 
approach the kind shown in 2(c). As the series resistance 
added approaches oo, the regions of negative resistance 
decrease in range but the circuit does not become more 

V-I PLANE 
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CURRENT, I  (C) 

RE SiSTANCE 

a 

a 

S 

,34)  
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S 

Fig. 2— Negative-resistance characteristics. (a) Series. (b) Shunt. 
(c) Shunt with series resistance added. 

stable. It may be noted that a shunt-type negative re-
sistance is the dual of the series type. The dual of the 
compound type shown in Fig. 2(c) can be obtained by 
shunting positive resistance across a series negative re-
sistance. 

• 
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(a) 

The question of the stability of a negative resistance' 
is fundamental to transistor pulse circuits. Fig. 3 shows 
a series negative resistance connected to a variable 
voltage source through a positive resistance RI. The 
negative resistance will always have some capacity 
shunted across it, stray or otherwise, and this is repre-

NEGATIVE 
RESISTANCE 

CURRENT, I 

I bl 

CURRENT, I 

(C) 

Fig. 3—Emitter load lines. (a) Equivalent circuit. (b) Operation 
when RI< I r I. (c) Operation when Ri > r l• 

sented by C1. The negative resistance itself will also 
have reactive components because of the finite band-
width of the device responsible for the characteristic. 
Consider the case 3(b) in which RI is much lower than 

the maximum value of the negative resistance. If the 
voltage is set at a value below the valley point and suc-
cessively moved from point 1 to 2 to 3, the circuit will 
be stable and the operating point will move from point 
a to b to c. If the voltage is raised to point 4 the circuit 
will be stable at the operating point d. The circuit is 
always stable in the sense that it does not oscillate. 
However, the circuit is unstable in the following sense: 
If the negative resistance is biased to point b and the 
voltage E is temporarily displaced from 2 to 4 and then 
reduced to 2, the circuit may stabilize at the point b' 
instead of returning to the point b. Whether or not the 
circuit will stabilize at b' depends upon whether or not 
the voltage E stays at point 4 long enough for the cir-
cuit to switch to the high-current region. This is de 
termined first of all by the time required for CI to he 
charged through R1 to a voltage greater than the peak 
point. The second determining factor is the length of 
time required for the current required at b' to be estab-
lished through the negative resistance. 
If the resistance R1 is much larger than the maximum 

negative slope, then the result is as shown on Fig. 3(c). 
In this case the total resistance seen by the source E is 
positive, which is illustrated by the fact that the load 
line never intersects the v-i characteristic in more than 
one point. Operation at point a is stable, but operation 
at point b is not necessarily stable and depends upon 
the reactive components of the negative resistance. 

a B. G. Farley, "Dynamics of transistor negative-resistance cir-
cuits," PROC. I.R.E., vol. 40, pp. 1497-1508; this issue. 

The drop in gain of the transistor at high frequencies 
can be accounted for by assuming that a capacity (4,) 
by-passes the mutual impedance (re) in the collector cir-

cuit. The frequency 

fo — 
1 

2Tr.c„, 

is approximately the same as the frequency at which the 
short-circuit current gain (1) is down by 3 db. With the 
assumption that Cm is the only reactive component of 
the transistor, it can be shown that a transistor oper-
ated with its collector and base terminals at ac ground 
will be unstable with a capacitance C1 shunted across 
its emitter. This holds even though 

(7) 

provided that,' 

> —r 

R2 
— 27forCI > 1  —  ; 

RI 

(8) 

(9) 

where r is the dc negative resistance exhibited (3) and 

• 
rbre 

R2 =  r. 

2•   

b 

747". 4 

3 

CURRENT, I 
(a) 

t 
(b) 

(10) 

t 
(c) 

Fig. 4—Free-running oscillator. (a) Locus in  plane. cb) Emitter 
current as function of time. (c) Emitter voltage as a function of time. 

If the transistor emitter is biased by a constant cur-
rent source, then R3/R1 is zero. The requirement for 

instability is then 

— 22rforCi > 1, 
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where r is the dc resistance at the emitter for the chosen 
bias current. 

If the product in (9) is very much greater than 

R2 
1 - 

the locus of operation in the v-i plane will be as shown 
in Fig. 4. The capacitor C1 charges through R1 and the 
high back impedance of the emitter diode from point 
one to the peak point (2). Since the capacitor cannot 
discharge instantly from the peak voltage, operation will 
snap out to point 3 as the condenser supplies current 
to the emitter. The capacitor will then discharge through 
the low impedance of the saturated transistor to the 
valley point (4). At the valley point, operation will 
snap to point 1 and the cycle will repeat. Fig. 4(b) shows 
the emitter current as a function of time and Fig. 4(c) 
shows the corresponding voltage waveform. If the 
product in (9) is gradually decreased, the effect will be 
first to put a slope on the dotted lines in Fig. 4(a) and 
finally to cause the locus to collapse to point b when the 
inequality is no longer satisfied. 

II. OPERATION OF REGENERATIVE AMPLIFIER 

A. Use of Flip-Flop as Amplifier 

The highest speed transistor available for labora-
tory work has been the Bell Telephone Laboratories de-
velopmental type M1734. The current gain, base im-
pedance, and cutoff frequency are sometimes large 
enough that the inequality of (9) is satisfied even when 
C1 is the minimum stray capacity. If, for example, fo 
is 50 mc, C1 is 4 mmfds, and r is —1,875 ohms as per the 
example (6), then 

—2irfoCir = 2.35. 

Adding impedance in the collector circuit to decrease a, 
and the negative resistance, r, does not often stabilize a 
high-speed transistor because the stray capacity at the 
collector may by-pass the impedance sufficiently to 
permit oscillations. By shunting down the emitter with 
resistance, the circuit can be made dc stable; but it 
then stabilizes outside the gain region as in Fig. 3(b), 
and a bistable flip-flop is obtained. 

SIGNAL TO BE 
REGENERATED 

"SET ONE" 

REPETITIVE 
CLOCK SIGNAL 

I  

Fig. 5—Flip-flop as a regenerative amplifier. 

A bistable flip-flop can be used as a regenerative am-
plifier (Fig. 5). The signal to be regenerated is con-
nected to the "set-one" terminal. Thus every time an 
input signal is obtained, the flip-flop sets to its one posi-
tion and the next clock signal resets it to zero, giving an 
output pulse from the flip-flop. Some advantages of the 

"SET ZERO" 
BISTABLE 
FLIP-FLOP 

REGENERATED 
SIGNAL 

flip-flop as a regenerative amplifier are 
1. it gives a standard output whose amplitude is inde-

pendent of the amplitude of the input signal; 
2. the duration of the output can be made inde-

pendent of the duration of the input signal; 
3. minimum rise times are obtained because of the re-

generative action; 

4. transistors now available develop a higher effective 
current gain in a regenerative circuit. 
Fig. 3(b) shows the emitter characteristic of the 

transistor with a low-impedance load line superimposed. t 
Let the bias voltage E be set to voltage point 2 and 
assume the circuit has stabilized at b. The emitter cur-
rent will be very low, as will the collector current. 
Suppose that a signal is injected into the emitter that 
temporarily raises the operating point from b to above 
the peak point. The emitter current and voltage will 
follow a trajectory in the v-i plane ending up at point 
b'. The transistor will remain in its stable high-current 
state at point b', and the collector as well as emitter 
current will be quite high. With typical M1734 tran-
sistors, the time taken by the transistor to go from the 
peak point to point b' is of the order of a few hundredths 
of a microsecond. 

If the transistor is locked up in its high-current state 
and a negative pulse is introduced which lowers the 
emitter below the valley point, the transistor will snap 
back to its low current state at b, where it will remain 
until it receives a positive trigger. This mode of opera-
tion could be used to develop a transistor flip-flop for 
use as an amplifier according to the scheme of Fig. 5. 
The circuit, however, would be unattractive. If low-
voltage operation is desired and high-emitter currents 
are to be obtained, the load line from b to b' must have 
a slope of the order of a few hundred ohms. The point 2 
must be well below the transistor peak point to allow 
for variations in the peak point from transistor to 
transistor. If this margin is 1 volt and the load line has a 
slope of 200 ohms, a triggering current of at least 5 ma 
would be required to raise the emitter above the peak 
point and the flip-flop would not have a very large cur-
rent gain. 

B. Broken Load-Line Input Circuit-, 

To avoid high triggering currents, an input circuit 
has been developed, Fig. 6(a), which looks like a high 
impedance when the transistor is being triggered, and 
then changes to a low impedance once the transistor is 
far enough into the negative-resistance region for the 
emitter voltage to drop. If current is taken from the 
junction of the resistor and the diode, the voltage plot 
in the v-i plane will consist of a broken line. The slope 
of the characteristic is high and equal to the im-
pedance of R1 when the voltage is above E2. The slope is 
very low and equal to the impedance of the conducting 
diode Xi when the voltage is carried below E2. Fig. 6(b) 
shows the circuit modified by the addition of another 
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resistor and diode. Consider the variation of voltage 
with injected current. If the input current is zero and 

—  E3 El  E2 
  7  (11) 
R1 R2 

then the terminal 1 will rest at a voltage that is below 
E2. The voltage difference will not be very great because 
it is equal to the forward drop across the conducting 
diodes X1 and X 2. 

CIRCUIT 

(a) 

(b) 

Fig. 6—Development of input circuit. (a) Broken load 
line. (b) Input circuit. 

V-1 CHARACTERISTICS 
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CURRENT, I 
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CURRENT, I 

Suppose that with no external current, the current 
flowing through X1 into X 2 is represented by i1. If a 
positive external current is supplied that is less than 
the voltage will change very little because the impedance 
seen at point 1 is the forward impedance of diodes X1 
and X2. However, as the current is increased and 
made greater than ii, diode X1 will be cut off and the 
slope of the characteristic will increase and be ap-
proximately equal to the parallel impedance of R1 and 
R2, which can be made quite high. If E1 and R1 are 
made large and E3 and R2 are also made large, then the 
point 1 can be regarded as a current sink for a constant 

current 

C. Triggering to High-Current States 

Consider the emitter characteristic shown in Fig. 7(a) 
with the broken load line of diode X1 and resistor Ri 
superimposed upon it. If there is no input signal, the 
transistor will be biased below its peak point at point 1 
and will be in its low-current state. The current flowing 
through diode X1 into X2 will have the value i1. Sup-
pose that current slightly less than i1 is injected into the 
input. The input voltage will increase slightly, but not 
very much because the impedance is low for this cur-
rent. If the current is increased beyond the value of 

0 

diode X1 will cut off and the input voltage will rise 
rapidly with further increases in input current because 
the input impedance is high. If the input current con-
tinues to increase, the emitter terminal will rise above 
the peak point. When it rises above the peak point, 
positive emitter current will begin to flow. Because of 
the negative input resistance, the emitter will begin to 
go negative. When the emitter goes negative, diode X 2 

Cuts off. This isolates R2 from the emitter circuit, and 
the emitter load is then determined by diode X1 and 
resistor RI, as in Fig. 6(a). As the capacity across the 
emitter discharges into it, the emitter voltage will fall 
until diode X1 conducts and provides a continuous 
source of high-emitter current. The transistor will then 
lock up at point 2 of Fig. 7(a). 
The above discussion of triggering has been based 

upon the assumption that the negative-resistance char-
acteristic of the transistor lies entirely below the broken 
load line, as in Fig. 7(a). When the circuit is designed 
for minimum triggering current, then the load line 
provided by R1 intersects the transistor characteristic 
at a voltage more positive than the voltage E2 to which 
diode X1 is returned. If this intersection were stable, 
the current gain of the amplifier would be negligible. 
To insure that the intersection will not be stable, it is 
only necessary that the inequality of (9) be fulfilled. 
Under these conditions the emitter trajectory of the 
v-i plane can be expected to spiral outward around the 
bias point provided by RI. Once this trajectory falls be-
low the voltage E2, the diode X1 will conduct and pro-
vide the low-impedance load line which permits lock-up 
at point 2 of Fig. 7(a). It can be seen that the only func-
tion of the transistor during triggering is to carry the 
emitter below the voltage E2 SO that the load line is 

Ei 
LOAD LINE 

--PROVIDED 
BY RI 

LOAD LINE 
PROVIDED BY XI 
WHEN CONDUCTING 

CURRENT, I •--0. 

(a) (b) 

Fig. 7 (a) and (b).—Regenerative amplifier. 

switched from the high impedance R1 to the low im-
pedance provided by diode X1 when it conducts. 
Since the emitter current is high at point 2, the col-
lector current will be correspondingly high and the 
collector voltage will have risen towards ground be-
cause of the drop produced across resistor R4. Note that 
besides the amplification of emitter current by a„, an 
additional and greater current gain is produced by the 
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negative resistance carrying the emitter current from 
the triggering value to the lock-up value. 

D. Return to Low-Current Slate 

It has been shown that a small triggering current can 
be used to produce a very large current at the collector. 
The large current will maintain itself until the transistor 
is returned to its low-current state. The return can be 
obtained by supplying a negative signal at the emitter. 
However, the source turning off the transistor would 
have to work into the low impedance of the saturated 
transistor and considerable power would be required to 
drag the emitter below the valley. The turnoff can also 
be obtained by raising the base positive since this has 
the same effect as lowering the emitter. 

To compute the base voltage required to reset the 
transistor to its low-current state, consider the equiva-
lent circuit of Fig. 1(a) substituted for the transistor in 
the amplifier circuit, Fig. 7(b). By including the re-
sistance of the conducting diode X1 in re, the circuit can 
be analyzed as though the emitter terminal were held 
at the constant potential E2 (Fig. 7(b)). As explained 
earlier, overload occurs because the voltage between the 
internal node and the collector terminal falls to some 
minimum value V.. The base signal can only reset the 
transistor to its low-current state by raising the internal 
node of the transistor to a voltage greater than 

Ece + ieRL -I- V.,  (12) 

when the transistor will become active. The flow of 
emitter current establishes the internal node at 

—  ier„.  (13) 

When (13) is greater than or equal to (12), then the 
transistor can be assumed to be in its active region, 
where 

The parameter 

7. = 

= 

íb 

lb 
a,' — 1 

(14) 

rm —  re 
a,' (15) 

r, 

is the ratio of collector to emitter current when the base 
terminal is driven by a generator and is of the same mag-
nitude as ae. When (12) and (13) are equated and the 
above relations are substituted, it is found that the base 
current required to reset the transistor is 

E.. 
= (a,,,'' — 1)  —  — V.• (16) 

TI + cre'Rz, 

The base voltage will be more positive than the internal 
node potential by ibrb. 

From (16), (14), and (13) 

Eb. = E2 
( 1 +  az  RL 

re 

(E2 — — I..) [rb  
— (a,' — 1) — I] , (17) 
r„ 

where Eb, is the voltage required to take the transistor 
out of overload. This equation is subject to all the limi-
tations implied for (5), but it has proven useful. To re-
late the emitter and base characteristics it may be of 
interest to consider the impedance seen looking into the 
base terminal. 

r = 
rb(cle' — 1) — re 

a,' — 1 
(18) 

Comparison of (18) with (3) shows that the base im-
pedance may be positive when the emitter impedance 
is negative. In the gain region, where a, and a,' are 
greater than one, the impedance seen at the emitter 
terminal with the base grounded will be negative as 
from point a to point b of Fig. 2(a). The impedance 
seen at the base with the emitter grounded will be posi-
tive as in the region b to c of Fig. 2(c). 

The statements made will have to be modified slightly 
with regard to Fig. 7(b). When applying (3) to this 
circuit, the resistor R3 must be added to rb. This is not 
so when applying (18) because the resistor R3 is then in 
parallel with the base. Correspondingly, when applying 
(18) the emitter impedance must be increased by the 
impedance of the conducting oci diode since it is a part 
of the emitter path. 

A numerical example based on the values of (6) is of 
interest. It will be assumed that the value for rb shown 
in (6) included an external base resistance of 500 ohms. 
The base impedance to use in (18) is therefore 1,500 
ohms. It will also be assumed that E2 is — 1 volt and 
that the conducting diode X1 (Fig. 7(b)) adds 125 ohms 
to re to make the total emitter impedance 250 ohms. 
With the assumption that the collector impedance is 
20,000 ohms, it can be shown that a,' = 2.09. Then 
(18) gives an impedance at the base terminal (neglect-
ing the parallel resistance R3) of +1,280 ohms as com-
pared to the —1,875 ohms that would be seen at the 
emitter. The base voltage required to raise the transistor 
out of overload will be 5.6 volts, whereas the valley 
voltage was —4f volts. 

E. Waveforms in Amplifier 

If a regular succession of high-amplitude clock pulses 
are fed to the base through the diode X3, the amplifier 
can only go to its high-current state provided both an 
input signal is present and in addition the diode X 3 has 
been cut off by the clock voltage falling below ground. 
The function of the signal fed to the emitter is merely 
to set the stage so that when the base voltage falls to 
ground the circuit will trigger. After the lock up the 
transistor will be returned to the low-current state 

1 
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when the clock voltage rises sufficiently positive. Thus 
both the end of the pulse and the beginning are under the 
control of the clock. Fig. 8 shows a photograph of actual 
waveforms in the regenerative amplifier when it is re-
generating pulses at a megacycle rate. Note that the 
rise times of the pulses are a few hundredths of a micro-
second. All output pulses have the same duration and 
amplitude. The large signal at the base has no effect on 
the transistor unless there has been a signal at the 
emitter. It may also be noted that the collector voltage 
during the ON state rises very close to the emitter and 
base voltages. 

(a) 

(b) 

BASE 

, EMITTER 

GROUND 

B VOLTS 

- ip sec-

Fig. 8 (a) and (h)—Waveforms in amplifier. 

The positive pip on the trailing edge of the collector 
pulse may be explained in terms of hole-storage in the 
transistor. When the transistor is locked in the high-
current state, it has ceased to be an active element. 
The emitter diode is biased in the forward direction and 
is carrying a large current. The collector diode is biased 
in the back direction, but its impedance has been broken 
down by the charge carriers (holes) made available to it. 
The signal at the base of the transistor cannot return 
the transistor to its low-current state, except by making 
the transistor an active element again. As long as the 
collector impedance remains saturated, the transistor 
remains passive. Therefore, even though the clock 
voltage may raise the base terminal to the voltage Ebs 
of (17), the transistor will not return to its low-current 
state until the stored charge carriers have been pulled 
out of the germanium. This process may take a tenth of 
a microsecond or longer, depending upon the length of 
time the transistor has been saturated. The positive pip 
on the trailing edge of the collector wave-form repre-
sents the attenuated clock signal as coupled to the load 
through the low impedance of the saturated collector. 
Note that once the stored carriers have been removed 
the transistor returns rapidly to its low-current state. 
The phase of the clock voltage applied to the base is 

selected to lag the input signal by one-quarter micro-
second in order that the triggering current will have 

COLLECTOR 

time to charge the capacitor at the emitter to a voltage 
above the peak point. The result is that the onset of 
the output is under control of the clock. The amplifier 
output is always delayed, but it always occurs at the 
same time in the clock cycle even though there may be 
slight variations in the time of arrival of the input signal. 

III. ILLUSTRATIVE DESIGN 

A. Input Requirements 

The following discussion will be based upon the illus-
trative design shown in Fig. 9, which is the circuit in 
which the waveforms shown in Fig. 8 were developed. It 
is hoped that the discussion will be complete enough to 
permit the reader to produce variations upon the design 
to meet his own requirements. The usable gain of such a 
regenerative circuit is set in part by the margins which 
must be allowed to insure that nonexistent signals will 
not be regenerated. The output obtained when these 
margins are overcome is largely a matter of the load 
impedance into which the circuit works and the mag-
nitude of the collector voltage supply. In the computer 
operations for which this amplifier was intended there 
is no inherent value in power output as such. Each 
amplifier merely drives some logic circuits, which in 
turn drive other amplifiers. If a reduction in the col-
lector supply voltage reduces the driving power as much 
as it does the power output, there is no reason why the 
collector voltage should not be reduced. The first step in 
designing a specific amplifier is to pick the lowest col-
lector voltage at which efficient operation of the circuit 

can be obtained. 

1+6 V 

RI 22,000 

INPUT  X2 

R2 <  15 
12,000 tip f Ci 

470 

X3 

Fig. 9—Illustrative design. 
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The voltage drive required is determined primarily by 
the statistical distribution of peak points of the tran-
sistors that are to be used in the circuit. The voltage E2, 
to which diode X1 is returned, is chosen so that with zero 
emitter current, the emitter will rest at a voltage less 
than the peak point. If this requirement is not met, the 
circuit will have no stable low-current state. If tran-
sistors can be produced to have peak points that are 
very stable with age and are very close together for dif-
ferent units, E2 can be set quite close to the average 
peak. Even if there is no spread in peak points, however, 
some voltage drive will be required. In the low-current 
state the emitter does not rest at the voltage Es, but is 
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depressed below that voltage by the drop across the 
diode X. This drop will be a variable from circuit to 
circuit, and the voltage E2 must be set far enough nega-
tive to compensate for these variations. In addition, 
there will be a voltage drop across diode X 2, so that the 
input terminal of the amplifier rests farther negative 
than the emitter. Thus the input signal must not only 
overcome the margin on the peak point, but must also 
overcome the drop across diode X 2. These considera-
tions place a premium on low-impedance diodes for use 
as Xi and X 2 as well as on a narrow spread of peak 
points. It will be demonstrated in a later paragraph 
that the transient back current of diode Xg also effects 
the margin which must be allowed on the peak point. 
With M1734 transistors and Western Electric 400A di-
odes in the circuit of Fig. 9, it has been practical to use 
a voltage drive of two volts. 

The current required to trigger the circuit will be at 
least as great as the emitter current at the peak point. 
This is approximately 50 µa. 
When the base voltage falls to the ground, successful 

triggering to the high-current state requires that the 
transistor be unstable (See IIc). This can be assured by 
making the product of the transistor bandwidth, shunt 
capacity, and negative resistance exceed some minimum 
value (see (9)). If the product is not large enough, then 
the emitter current will settle down to the small value 
supplied by resistor RI. To produce a high value of —r 
and Jo, the triggering current may have to carry opera-
tion far into the gain region. To attempt to lower the re-
quired value of —r or fo by increasing C delays the 
operation of the circuit by requiring a longer time for 
the triggering current to charge C above the peak point. 
Another possibility for reducing the required triggering 
current is to raise the value of the external base resistor 
Rg. This, however, has the unfortunate effect of increas-
ing the required voltage drive. As explained earlier, the 
principal variation in peak point is caused by variations 
in the collector current for zero emitter current. Any 
increase in the base impedances magnifies the effect of 
this current. 

Because of these considerations, amplifiers which are 
to regenerate pulses occurring at a high rate must pay 
the penalty of requiring increased triggering current, 
and therefore have less gain. With the M1734 transistor 
in the circuit of Fig. 9, a negative resistance and a 
bandwidth sufficiently high to cause triggering with a 
shunt capacity of 15 µµf can be developed for an emitter 
current of about 300 µa. This current can produce a 
voltage change of 2 volts across 15 µµf in 0.1 ,usec. 

B. Effects of Diodes on Operation 

Another factor which has a major influence on the 
required triggering current and response time is the 
dynamic reverse current' of diode Xi. A diode exhibits 

L. A. Meacham and S. E. Michaels, "Observations of the rapid 
withdrawal of stored holes from germanium transistors and va-
ristors," Phys. Rev., vol. 38, no. 2, pp. 175-176; April 15, 1950. 

a low impedance for a current in one direction and 
exhibits a high impedance for current in the reverse di-
rection. However, if forward current has been flowing 
and the voltage is reversed rapidly, the current through 
the diode reverses rapidly but takes some time to (all 
to the low back current that is indicated by dc measure-
ments. The transient in the back current that follows a 
reversal of voltage has been called the "enhanced cur-
rent." It is a function of the magnitude and the duration 
of the positive current that has been flowing. The en-
hanced current appears to result from the storage of 
charge carriers. In the point-contact diodes the back 
current 0.1 µsec after a reversal of applied voltage may 
be several hundred times the back current indicated by 
dc measurements. 

Enhancement affects the triggering of the amplifier in 
the following manner: As the input to the transistor 
amplifier rises, and diode X 2 cuts off, diode X1 will have 
only a small reverse voltage on it. The enhanced back 
current after a few tenths of a microsecond may still 
be several hundred microamperes. Since this current 
must be supplied through the resistor RI, the entire 
triggering current may flow through diode X1 in the 
back direction rather than into charging the shunt 
capacity or into the emitter. This adds a further delay 
to the triggering of the transistor and increases the trig-
gering current required for high-speed operation. With a 
current of 300 µa through RI, it has been found prac-
tical to supply the enhanced back current of diode X1 
(when selected Western Electric 400A diodes are used), 
charge up l5µµf shunt capacity, and carry the emitter 
sufficiently far into the gain region to trigger a M1734 
transistor to its high-current state within less than a 
quarter microsecond of the rise of the input signal. 
It may be noted that the enhanced back current of 

diode X 2 is in a direction which helps to trigger the 
transistor. However, the enhanced current is a function 
of the forward current that has been flowing. Since the 
transistor locks up on the current drawn through diode 
X1, diode X1 carries a much larger forward current 
than diode X g. Therefore, the enhanced back current of 
diode X 2 contributes negligible compensation for the 
enhanced back current of diode Xi. 

It should be mentioned that the'diode Xg can cause 
false triggering because of its enhanced back current. 
When the clock goes below ground, the enhanced back 
current of the diode may carry the base sufficiently be-
low ground to trigger the transistor even though its 
emitter is below the peak point for zero volts on the 
base. It has been necessary to allow for this effect in 
choosing the bias E2. 

C. Design of Input Circuit 

Proper triggering is obtained by choosing a triggering 
current that will clear out the charge stored in diode X1, 
charge up the shunt capacity in the time available, and 
establish emitter current which will supply a value of 
—rfo large enough to satisfy the inequality (9). Having 
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:hosen the triggering current, the voltage El and the 
resistor R1 can be chosen. El should be chosen so that it 
is many times larger than the variation in voltage to be 
developed at the emitter when going from the low-
current state to the triggering region. If this is done, 
then the resistor R1 will look like a constant current 
source, and all transistors will get the same triggering 
current regardless of the variations in their peak 
voltage points. 
In the illustrative design El was set at 6 volts and R1 

was chosen to be 22,000 ohms to give an available trig-
gering current of about 300 µa. R2 and E3 should be 
chosen so that in the low-current state of the transistor, 
diode XI will be required to pass current in the forward 
direction to bring the emitter terminal up close to the 
clamping voltage E2. The current that flows through 
diode X1 should be set to be an appreciable fraction of 
the triggering current. In the illustrative example (Fig. 
9), E3 was set a — 8 volts and R2 was set at 12,000 ohms. 
With average 'Western Electric 400A diodes used for 
X1 and X 2, the emitter will rest at —1.2 volts, the 
' voltage to the input terminal will be —1.45 volts, the 
current through R1 will be about 340 µa, the current 
through diode X1 will be about 200 µa, and the current 
through diode X 2 into R2 will be about 540 µa. Assuming 
that all transistors have peak points below ground, 
the driving voltage required would be 1.45 volts plus 
the 0.25 drop across diode X 2, to give a total of 1.7 
volts. The driving current required is 8.25 volts di-
vided by 12,000 ohms, and is approximately 670 µa. 
The current through diode X1 in the low-current 

state was set to 200 µa, so that the resistors R1 and R2 

and the supply voltages could vary over a range of values 
without producing significant changes in the voltage at 
the emitter. If the voltages Ei and E3 had been made 
larger, and the resistors readjusted to keep the current 
through RI and the diode X1 constant, it would have 
been possible to have produced a design in which the 
triggering current is only slightly greater than 540 µa. 
This, however, would have increased the power wasted 

in resistors R1 and R2. 

D. Output Circuit 

As mentioned earlier, the power output is determined 
primarily by the collector voltage and the load im-
pedance. In the illustrative design, the collector voltage 
was set at — 8 volts. If it had been made more negative, 
more power output could have been obtained, but the 
peak voltage would have gone more negative and a 
larger drive would have been required. Similarly, the 
collector voltage could have been made smaller and the 
voltage drive decreased. However, if the collector volt-
age is made much smaller than 8 volts for the M1734 
transistor, its efficiency in this circuit would have been 

decreased markedly. 
Since the amplifier is to be used to drive diode logic 

circuits, which in turn drive other amplifiers, the dc 
level has to be restored at some point or other. This 

change is generally obtained by means of the condenser 
C3 of Fig. 9, which works into the diode X4 for dc restora-

tion. 
If a single positive-going pulse is developed at the 

collector, the voltage change across the diode X4 can be 
made almost as large as the collector pulse by choosing 
C3 so big that the output current does not discharge it 
appreciably during the pulse. There will always be a 
slight change in the voltage across the condenser; and 
when the collector falls, it will not fall to the supply 
voltage but will differ from it by the lost voltage. This 
small voltage will produce a current through R4 and 
the low forward impedance of diode X4 which, in time, 
will recharge C3 and restore the collector voltage to the 
supply voltage. If C3 is made large enough, a few suc-
cessive pulses at the output will all have the same 
amplitude. However, as the number of successive pulses 
is increased, the amplitude will drop no matter how big 
C3 is. Suppose that during the positive part of the pulse 
a current of 4 ma flows through C3 and resistor R5. 

If the train of pulses is continuous and symmetrical, 
that is, the transistor conducts one-half the time and 
is shut off one-half the time, 4 ma must flow back 
through the condenser in a reverse direction during the 
transistor off period. This current produces a voltage 
drop across the resistor R4, and when the next pulse 
comes along and triggers the transistor, the collector 
voltage does not start at the normal supply voltage but 
starts from a more positive value because of the drop 
produced across R4 by the charging current. 
The fact that the voltage at the collector terminal is 

not fixed but varies according to the duty cycle of the 
signal complicates the problem of providing adequate 
margins. The most positive peak voltage will occur, for 
example, when the input is a continuous chain of pulses 
while the most negative peak voltage will occur when 
the signal consists of a single isolated pulse. Thus a de-
fective transistor may operate satisfactorily for one 
signal but not another. These considerations lead to 
very low values of R4. A lower bound for R4 is brought 
about by two factors. One of these is the power dissipa-
tion in the transistor which goes up as the value of R4 

goes down. It is generally assumed that this dissipation 
should be kept less than 100 mw. A more limiting 
factor is the influence of R4 upon the turnoff character-

istics of a transistor. 

E. Effect of Load on Return to Low-Current State 

Equation (17) gives the base voltage (Et,,) required 
to reset the transistor. With the set of parameter values 
(6) modified as explained with reference to (17), it was 
shown that Et,. is +5.6 volts. If the load impedance, 
RL, were reduced from 500 to 125 ohms, (16) shows 
that Eb. would be +15.8 volts. The power dissipated in 
the transistor during the hole-storage period would then 
be dangerously high. 
The clock current required to reset the transistor is 

set in part by the value of R3, but mainly by the hole-
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storage characteristics of the transistor. In the illustra-
tive circuit the clock may have to supply 12 ma through 
resistor R3 to raise the base to +6 volts, and may have 
to supply an additional current of 20 ma to clear out 
the charge stored in the transistor. This is a serious 
handicap, though not a disabling one. Since the clock 
signal contains no information, it can be developed by a 
high-power steady-state oscillator. In the applications 
where this circuit has been used, it is customary to sup-
ply the clock power for the entire computer from a 1-mc 
power oscillator. 

The choice of appropriate output circuit parameters 
may be summarized in the following manner: The re-
sistor R4 is made high enough to permit reasonable 
clock voltages to shut off the transistor without exces-
sive dissipation in the transistor. Then the output cur-
rent to be supplied through C3 is limited to a value small 
enough for the drop it produces across R4 to leave suffi-
cient voltage drive for the load when the signal is a 
continuous chain of pulses. In the illustrative design, 
R4 was set to 470 ohms which makes it possible to shut 
off M1734 transistors by raising the base terminal to +6 
volts. Tne loads used, represented by Rs, have been 
limited in their current drain to less than 4 ma. This 
current produces a voltage drop of about 2 volts across 
R4. Under full load the amplitude of a continuous chain 
of pulses is therefore 2 volts less than the amplitude of 
an isolated pulse (see Fig. 15). 

Experience has shown that reliable operation can be 
obtained in the illustrative circuit, provided transistors 
and diodes are used which have sufficient margins on 
the peak voltage, required triggering current, negative 
resistance, bandwidth, base impedance, current gain, 
and transient back-current characteristics. A year's 
experimental work with an average of over 50 amplifiers 
in daily use has shown that transistors and diodes can 
be made which have the required margins. 

IV. APPLICATION OF REGENERATIVE AMPLIFIER 
TO DIGITAL COMPUTERS 

A. Basic Functions 

Digital computer operations can be divided into two 
classes, memory and logic. Memory can be defined as the 
representation in space of a function of time. In com-
puters, logic operations consist of the recognition of 
spatial distributions of voltages and currents. 
Memory can be obtained by circulating information 

in a passive delay line which has regenerative amplifiers 

in series with its sections to maintain the signal level. 
Logic operations can be mechanized with such passive 
nonlinear elements as semiconductor diodes.6 It is pos-
sible, therefore, to build complete transistor computers 
in which the only transistor circuit is the regenerative 
amplifier that has been described in this paper. 
Fig. 10 shows a complete set of building blocks that 

have been developed for use in serial computers operat-

Tung Chang Chen, "Diode coincidence and mixing circuits in 
digital computation," PROC. I.R.E., vol. 38, pp. 511-514; May, 1950. 

ing at a megacycle pulse rate.' The OR-circuit (Fig, 
10(a)) will have an output if there is a signal on any of 
the input leads. The AND-circuit (Fig. 10(b)) will have 
an output only if there is an input signal on all of its 
input leads. The signal on the lower terminal of the IN-
HIBITION circuit (Fig. 10(c)) will always go through 
the circuit unless there is an inhibition signal, in which 
case the circuit has no output at all. The inhibiting 
signal lead is schematically distinguished by a small 
button. 

•••• 

"o" 

"1" 

MIMI .IND 

I NH 

••••• f/ Mo tvi 

DELAY 

N M S NP 

Fig. 10—Set of computer functions. (a) OR--circuit package. (b) 
AND —circuit package. (c) Inhibitor—circuit package. (d) Bit— 
storage-cell package. (e) Delay package. 

B. Logic Packages 

Fig. 11(a) shows a three-terminal OR-circuit com-
bined with the basic amplifier. The only additional 
elements required besides those shown in Fig. 9 are the 
diodes X6, X7, and X8. If any of the inputs are carried 
above ground, the voltage across R2 will be carried 
above ground, diode X1 will cut off, and the transistor 
will fire. The diodes X6, X7, and X8 have the function 
of insuring that the current from any one input will flow 
into R2 rather than back into the other inputs. 
A three-terminal AND-circuit can be mechanized, as 

in Fig. 11(b), where the additional elements required are 
X6, X7, R6, and R7. Since the transistor can only be 

D. R. Hartree, "Calculating Instruments and Machines," Uni-
versity of Illinois Press, Urbana, Ill., pp. 98-104; 1949. 
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triggered to its high-current state by raising the emitter 
terminal above the peak point, the transistor will not 
fire in the circuit 11(b) unless the three diodes X2, X6, 
and X7 are all cut off. The absence of a signal at any 
of the three input terminals permits the corresponding 
diode to conduct continuously and clamp the emitter 
below the peak point. Diode enhancement properties re-
act on this circuit in several ways. The current through 
diode Xl, when the transistor is in its low-current state, 
is about 1,240 µa. Without the diodes X6 and X7 the 
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(c) 

R 4 
47011 

Fig. 11—Logic circuits added to amplifier. (a) Amplifier including 
3-terminal OR circuit. (b) Amplifier with 3-terminal and circuit. 
(c) Amplifier with inhibition. 

diode X2 and trigger the circuit because diode X5 will 
not conduct until the emitter is above its peak point. A 
four-phase clock which generates four sine waves 90° 
out of phase is used in these applications. The rela-
tive phases of signals in Fig. 11(c) are important. The 
two input signals must be in phase; that is, they must 
come from amplifiers whose base signals were in step. 
If they were shut-off by phase-a of the clock, then the 
inhibiting amplifier they feed must operate on phase-b 
of the clock signal, where phase-b lags phase-a by one-
quarter of a microsecond. To obtain successful inhibi-
tion, the inhibiting effect must be made to overlap both 
the rise and the fall of the signal to be inhibited. The 
fact that the transistor cannot fire until the phase-b 
clock has fallen to ground, by which time both signals 
on the input of the amplifier will have had a quarter of 
a period to establish themselves, makes it unnecessary 
for the inhibiting signal to arrive early. The phase-c 
clock signal fed to diode X7 holds the emitter below the 
peak point after the first quarter microsecond that the 
base has been at ground. Therefore, even though the 
signal to be inhibited may last longer than the signal 
which is to inhibit it, because of hole storage, no false 
operation of the amplifier results. 

C. Memory Packages 

The memory cell shown in Fig. 10(d) operates in the 
following manner: If a pulse is put on the "1" terminal, 
the circuit circulates the pulse and makes it available 
once every microsecond until it has been removed by 
the application of a pulse on the "0" terminal. The 
realization of the cell is shown in Fig. 12. If a half micro-
second pulse is put on the "1" lead, it goes through the 
OR-circuit, the INHIBITION-circuit, the amplifier, 
and back through the three-quarter microsecond delay 

corresponding current is only 200 /la. The 1,240-µa 
current flows through diode X1 up to the time the diode 
is cut off, and enhances its back current. This increased 
back current may make triggering difficult. The en-
hanced back current of diodes X6, X7, and X2 may also 
cause trouble. If diode X2, for example, is the only one 
conducting in the forward direction, the enhanced 
back current of X6 and X7, if large enough, will develop 
a voltage across R2 that carries the emitter above the 
peak point. Neither of these enhancement problems 
have interferred with successful operation of the circuit 
of Fig. 11(b). If the number AND-terminals were in-
creased, then these effects could be serious. 
The inhibition circuit of Fig. 10(c) has been mecha-

nized with the circuit of Fig. 11(c) which is fed by two 
simultaneous positive inputs. The inhibiting signal is 
inverted by the input transformer; when present, it 
carries diode X5 below ground, with the result that the 
emitter of the transistor is clamped below the peak 
point. Whenever the inhibiting signal is present, the 
transistor cannot fire even though the other signal may 
have cut-off diode X2. If the inhibiting signal is not 
present, then a positive signal across R2 will cut-off 

"0" 

Me/ 

OR 

3 
4 

Fig. 12—Memory-cell block diagram. 

= WI MP, 

line to the second terminal of the OR-circuit. The clock 
signal at the base of the transistor amplifier keeps the 
stored pulse in synchronism with the rest of the com-
puter. If a signal is fed to the "0" terminal, it will inhibit 
the circulating pulse and the stored pulse is erased for-
ever. The actual amplifier circuit is the same as in Fig. 
11(c), except that two diodes are connected to resistor 
R2 to make up the OR-circuit. This is the form of 
memory that has been used as a substitute for leaving 
the bistable flip-flop locked up indefinitely to store a one. 
The delay package, Fig. 10(e), consists of the stand-

ard amplifier followed by electric delay line capable of 
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Fig. 14 - Multiplier and control unit. 

storing several digits. It has been customary to use an 
amplifier after every 5 µsec of delay. 

D. System Examples 

The combination of these building blocks in a comput-
ing system is illustrated in Fig. 13, which is the block 
diagram of a serial binary adder that requires 11 stand-

Fig. 13 —Binary-adder block diagram. 

ard amplifiers. The combinations 1-2-3 and 4-5-6 each 
consist of a half-adder. 7 The two amplifiers 7 and 8 
are inserted to introduce a half microsecond of delay 
into the output of amplifier 2 so that it will be in phase 
with the output of amplifier 4 when it enters the OR-
circuit feeding amplifier 9. Note that amplifiers 10 and 
11 also serve only as delay units. It would have been 
possible to use passive delay lines to replace the ampli-
fiers, 7, 8, 10, and 11, but the use of the standard ampli-
fier results in a much more compact assembly. 

CONTROL UNIT MULTIPLIER 
• 

UNT151. nit  .  Lilililtift 111111 

The adder shown operates from a total dc power sup-
ply of less than one-half watt and is a part of the arith-
metic unit shown in Fig. 14. The arithmetic unit has 38 
amplifier packages, and can multiply two 16-digit 
binary numbers together in 272 µsec. The control unit 
on the left of the photograph contains 35 amplifier 
packages and develops the numbers which are handled 

by the multiplier. It also provides test facilities. Each 
transistor package is mounted on a separate plug and 
all packages are interchangeable. It may be of interest 
that the dc power for the entire apparatus is obtained 
from a power supply using semiconductor rectifiers.. 

A 

El 

A "I'  
B7 7." 1  

[11.  D 

Ec  

Fig. 15 —A switching operation. 

Another application of the regenerative amplifier will 
be illustrated with respect to Fig. 15. The memory cell 
and AND-circuit act as a switch which remembers 
whether it is to stay open or closed. The first pulse on A 
closes the switch and lets the data on lead E through to 
D. Seventeen microseconds later the pulse on B empties 
the memory cell. However, the next digit period, a pulse 
on A closes the switch again. At a later time the signal 
on B turns off the memory cell and nothing gets through 
the AND-circuit for some time. The switch is in effect 
closed again by the next signal on the A terminal. 
Those familiar with digital computers may recognize 

thecombination of Fig. 15 as the part of a binary multi-
plier which connects the multiplicand into an accumu-
lator under control of the successive digits of the multi-
plier. 

CONCLUSIONS 

Transistor performance equal to that of vacuum 
tubes can be obtained in computer applications without 
sacrificing any of the obvious transistor advantages, 
such as low-power operation, rulgedness, and ex-
tremely small size. The circuit discussed herein has 
proven to be a versatile one, and is being studied for a 
number of computer applications. It is expected that it 
will in time be superseded by more efficient circuits. 
However, it has played a part in demonstrating the 
practicality of the transistor for high-speed switching 
and computing applications. 
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A Transistor Shift Register and Serial Adder* 
JAMES R. HARRISt, MEMBER, IRE 

Summary —A small set of basic functions, such as binary memory 
and elementary binary logic, can be remarkably versatile; such func-
tions are important in switching and computing. This paper describes 
a piece of computing equipment which can store a pair of binary 
numbers and add them, producing the sum a digit at a time. The 
equipment is built from a basic set of functional blocks, all of which 
are designed around transistors. This set of building blocks consists 
of a binary cell, a pulse amplifier, a pulse amplifier with delay, and 
logic circuits. The binary cell is a flip-flop; amplifiers are monostable 
circuits, and logic is performed in diode gates. Some interesting spe-
cial features arise from the use of transistors. These features are 
discussed and the designs are evaluated. 

I N T RODUCTION 

T
HE WORK reported here was part of a study, 
sponsored by the Joint Services, to determine the 

  feasibility of using transistors in miniature pack-
aged switching-type circuits. We hoped to design sev-
eral types of useful packages, each type performing a 
basic function, and each compatible with the rest. At the 
same time, we hoped to learn how to specify and use 

transistors to better advantage. 
In order to have a concrete goal for development and 

evaluation of packages, the work was directed toward 
certain selected larger functions that are commonly 
found in computing equipment. No attempt was made 
to achieve high computing speeds. 
One of the "larger functions" chosen as a goal is com-

prised of receiving and storing a pair of binary numbers, 
adding them, and producing the sum in serial form. This 
was realized by means of a pair of shift registers' and a 
serial adder. A shift register is a piece of equipment 
which can receive a set of digits in time sequence or in 

parallel, hold the digits indefinitely, and move the digits 
along in response to a signal. A serial adder acts to pro-
duce proper sum digits when numbers to be added are 

fed into it. 
It was found that shift registers and an adder, in com-

mon with most computing equipment, could be built 
from basic building blocks having these four functions: 
information storage (one binary digit), level restoration 
(gain), delay, and logic. A transistor or diode package 
was developed for each of these functions. 
The plan of this paper is to describe first the general 

functioning of this system of storing and adding num-
bers, then the way in which the shift register and serial 
adder were designed from packages, and finally, the 
transistor circuits of the functional packages. Some of 
the circuit processes are explained in terms of the 
"Emitter V-I plot." The emitter can show an open-
circuit stable negative resistance which, with a load 

' Decimal classification: R282.12 X621.375.2. Original manu-
script received by the Institute, July 16, 1952. 
1. Bell Telephone Laboratories, Inc., Whippany, N. J. 
I C. F. West and J. E. DeTurk, "A digital computer for scientific 

applications," PROC. 1 . II .E . , vol. 36, P. 1452; December, 1948. 

line, tells a great deal about a circuit. The reader is re-
ferred to an article by Anderson' for a full discussion of 

this method of analysis. 

SYSTEM OPERATION 

There is a wide choice of methods in storing and 
adding binary numbers, and we evaluated several 
against our requirements. In the system we adopted 
(Fig. 1), one digit of the sum is produced in response to 
each initiation pulse; initiation pulses can be applied at 
any rate whatever up to a maximum. The flip-flop type 
of circuit was chosen as the primary means of storing 
digits. Pulse delay is provided by active circuits, and 
the generation of sum and carry digits is done in diode 

circuits. 
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Fig. 1—This block diagram shows shift registers for a pair of num-
bers, a serial adder, and a pulse generator to control operations. 

The arrangement in Fig. 1 acts very much like a per-
son writing a pair of numbers on paper and then adding 
them. First the numbers are written into the registers. 
Then the following steps are repeated, starting with the 
least significant place: 
1. Find the digit of the sum. (The least significant is 
found first.) 

2. Find the carry digit and remember it. (In adding 
just two binary numbers, there is only one carry 

digit.) 

2 A. E. Anderson, "Transistors in switching circuits," vol. 40, pp. 
1541-1559; this issue. 
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3. Change the attention to the next more significant 
pair of digits. In the machine this is done by a 
rightward shift of the stored numbers. (Each digit 
moves one step to the right, and the rightmost pair, 
which is no longer needed, is lost.) 

On paper or in the machine, the sum digit and carry 
digit are found by looking at three known digits (one of 
which is the old carry digit) and applying the rules of 
addition. 

SHIFT REGISTER 

The shift register is shown in Fig. 2. Digits are stored 
in binary cells; our binary cell is a symmetrical flip-flop 
(Fig. 5) with a pair of inputs and a pair of outputs. 
The two inputs are used to "Set 0" and "Set 1." 

PARALLEL INPUTS 

BINARY 
SERIAL  CELL 
INPUT 

(NAvi) 
1 •  

SHIFT 'SIGNAL 

Fig. 2—The functional diagram of a shift register 
(a 3-bit register is shown). 
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The shifting method used is one of many, not neces-
sarily the best. An amplifier-delay unit is used between 
cells as a shifting circuit. The function of this circuit is 
to provide a delayed pulse (rather than the memory of 
a state). The circuit can handle only one pulse at a 
time. 

To shift, a pulse is applied to the "Set 0" inputs of 
all cells in the registers. Those cells which contained 1 
switch to 0; the rest do not change. The transition from 
1 to 0 produces on one of the output terminals of the 
cell a negativeward voltage step. This terminal is 
capacitor coupled to the amplifier-delay, which is trig-
gered by a negative step. The output of the delay unit 
sets the next cell to 1. 

ADDER 

As noted under system operation, the adder must 
examine three digits and then produce a sum digit and 
a new carry digit determined by these three digits. The 
sum and carry must be formed according to the rules of 
binary addition. The pertinent rules are as follows: 
0+0+0=0 and carry 0; 0+0+1=1 and carry 0; 
0+1+1 = 0 and carry 1; 1+1+1 =1 and carry 1. Since 
each of the three "input" digits can be either 0 or 1, 
there are eight distinct possibilities; these are shown 
as the eight rows of the truth table in Fig. 3. To put the 
requirements briefly, the adder must produce a sum 
digit and a new carry digit in accordance with the truth 
table in Fig. 3. The new carry digit should appear in the 
storage cell that contained the old carry. 
In order to facilitate understanding the design of 

the adder, several paragraphs will be used to present 

some of the concepts of two-state theory together 
with some of the conventions used here. 
It is convenient to think of the sum digit and the new 

carry digit as dependent variables. They are functions 
of three independent variables. Dependent variables 
can be produced by means of logic circuits which have 
the independent variables as inputs; logic circuits are 
realized here by means of diode gates. 
For circuit reasons, the diode gates of the adder are 

designed to put out a short negative pulse as a signal. 
We have found it convenient to think of a signal as 1, 
and the absence of a signal as 0. As a result, the more 
negative voltage level is called 1, both at the input and 
output of these logic circuits. 
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Fig. 3—The rules for forming sum and carry digits in serial addition 
of two binary numbers are included in the five right-hand columns 
of this truth table. The dependent variables can be generated by 
"logic circuits." The three left-hand columns are useful in circuit 
design. 

Logic circuits are much simplified if the "opposite" of 
each independent variable is available in addition to the 
variable itself. The opposite (the Boolean negation) is 
represented in tables and equations by a prime mark on 
the symbol for the variable. 

A binary cell with symmetrical outputs provides both 
the stored digit and the negation. One output terminal 
always has a voltage representing the stored digit; the 
other always has a voltage representing the negation of 
the stored digit. Specifically, the terminal that is nega-
tive when the cell is storing 1 is called here the "normal" 
digit output, and the other terminal is called the "prime" 
output. 

With this background, the adder design can be stated 
briefly. The adder must produce S, the sum digit. Ac-
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:ording to the truth table, S is a specific function of 
4, B, and C. One way to state this function is as follows: 
S =1 when A and B' and C' =1, or when A' and B and 
= 1, or when A' and B' and C=1, or when A and B 

Ind C=1. This statement is realized with complete cor-
-espondence by the arrangement of Fig. 4. The state-
ilent can be written in a more compact and useful form 
asing Boolean algebra; thus, 

The translation into Boolean form uses the convention 
that "AND" means Boolean product and "OR" means 
Boolean sum. This convention must be used when a 
signal is defined as 1 and "AND" and "OR" are defined 
as shown in the section on logic circuits. 
The carry was realized by an arrangement that was 

suggested by Hussey and proved to be economical of 
parts. He suggested that the truth table be interpreted 
as follows: "The carry must change (C. different from 
C) only when A=B=1 or when A=B=0. Further-
more, when A =B=1, C„=1; and when A =B=0, 
C. = 0." This was realized as shown in Fig. 4. The 
carry cell receives a "Set 0" pulse when A, B, C=0, 0, 0 
or when A, B, C=0, 0, 1. The first of these is harmless; 
the second is necessary. Similarly, there is a "Set 1" 
pulse when A, B, C=1,1, 1 or when A, B, C=1,1, 0. 
Again the first of these is harmless, and the second is 

necessary. 
Fig. 4 has been simplified by omitting (1) the coupling 

circuits of the amplifiers and (2) a special circuit that 
applies some of the output signal of each amplifier to 
the input of the other amplifier. The latter circuit dis-
ables one amplifier whenever the other is triggered and 
is needed because this amplifier can be triggered by a 
signal on its output terminal. If no precautions were 
taken, the idle amplifier would be triggered falsely by 
the voltage step that appears on the idle input terminal 
of the flip-flop when it changes state. 

2! 
A A' 6 6' C c' 3? 

I - 
I CARRY 
PULSE 

irdoLa CA.RR.'C.Pc.u.TS 

DIGIT 
Of 
SUM 

SUM 
PULSE 

 •    • 
OUTPUT SUM OIC01 CIRCUITS 

Fig. 4 —A serial adder using 4 transistors. 

BINARY CELL 

The binary cell was realized in this system by means 
of a symmetrical flip-flop as shown in Fig. 5. Two point-
contact switching-type transistors and seven resistors 
make the entire circuit. 
One can question seriously the use of more than one 

transistor to make a flip-flop. These transistors have a 

large-signal current gain greater than unity, specifically, 
greater than 1.6. As a result, it is possible to make a 
bistable circuit with a single transistor. However, the 
symmetrical arrangement has some advantages. Logic 
circuits are simplified. Power-supply drain is inde-
pendent of stored information, thus allowing very poor 
regulation of the power supply. Finally, there are some 
simplifications in circuit concept and design that were 
helpful in the exploratory work. 

APPROXIMATE TERMINAL VOLTAGES 
WITH THE LEFT TRANSISTOR OFF 
AND THE RIGHT TRANSISTOR ON 
(CELL STORING 0) 

• 

OUTPUT 

(PRIME) 

4700 II 

22,000 

27Q011 

APPROXIMATE TERMINAL VOLTAGES 
WITH THE LEFT TRANSISTOR ON 
AND THE RIGHT TRANSISTOR OFF 
(CELL STORING 1) 

4700 IL I 

22,000 ft 

.C./%t   

OUTPUT 

M 1689 • 

(NORMAL 
DIGIT) 

INP UT 

22000 > 2700fL 

(SET I) 

Fig. 5—This symmetrical flip-flop is used as a binary cell. To change 
state, apply a positive pulse to the proper input terminal. (A 
negative step applied to an input terminal is undesirable and can 
be prevented by using a diode in series with each input terminal.) 
The drawing labels in parentheses are based on these assumptions: 
(1) The state in which the left transistor is ON represents a stored 
1. (2) At the output, the —30 volt level represents a 1. 

Since transistors can be individually stable OFF (low 
current) or ON (high current), it is possible to have 4 
stable states in the general two-transistor circuit. In this 
binary system, we want only the two states in which one 
is OFF and one is ON. The other two states are spurious 
and must be avoided. We avoid the OFF-OFF state by 
circuit design and the ON-ON state by a careful choice 
of triggering. A trigger signal always acts to turn OFF 
a transistor. 
Emitter V-I plot analysis2 is very useful in this 

circuit. The two transistors would have independent 
emitter V-I curves except for transmission through 
the 22,000 ohm resistors. This transmission can be taken 
into account by noting that its main effect is to produce 
a small voltagewise shift of an entire V-I curve. The 
load line of the plot is such that one transistor is al-
ways ON; in the absence of a trigger pulse, the emitter 
voltage of the ON unit is sufficiently negative to hold the 
other unit OFF. 
These transistors have a remarkable property of 

slow switching from ON to OFF. In the grounded emit-
ter connection, one expects an inversion of signal from 
input (base) to output. However, when a unit has been 
ON for a time, a positive step applied to the base ap-
pears as a positive step at the collector. It may require 
several microseconds to switch out of the saturation 
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region, the time depending on the transistor, the length 
of time saturated, and the switching current. This char-
acteristic impairs the kind of operation usually found 
in vacuum-tube flip-flops and makes special measures 
necessary. In this case, the special measures are the 
use of emitter-to-emitter coupling together with a trig-
ger arrangement wherein there is no dependence on the 
gain of the transistor that has been ON. The resulting 
circuit is reliable, but requires a large charge from the 
trigger source. 

In terms of the present set of functions, a binary 
counter (scale-of-two counter) uses storage, logic, and 
delay. This flip-flop has been Used with a pair of simple 
gates as a binary counter. In this case the delay need 
be only a brief memory of a state, and it is provided by 
the charge on a coupling capacitor. 

Terminal characteristics of the flip-flop shown in 
Fig. 5 are approximately as follows: 
DC power: 
8 to 10 ma, at —45 volts. 

Input: 

Equivalent internal resistance and voltage: 
1,000 ohms and —9 volts or 
2,000 ohms and —5 volts. 

To change state: 
Apply a positive pulse to the —9 volt input. 

Pulse requirements: 

10 volts minimum; about 2 X10-8 coulombs 
minimum. 

Output: 
Equivalent internal resistance and voltage: 
1,500 ohms and —10 volts or 
4,000 ohms and —30 volts. 

Maximum permissible current in an output 
terminal: 
1 ma; more if the polarity of the current is 
favorable. 

Transition used as an output: 
The negativeward transition is preferable. 

PULSE AMPLIFIER 

In our data system, there is no need to preserve the 
original shape of a pulse when we amplify it. It is satis-
factory to generate the pulse within the amplifier. This 
allows us to use a triggered monostable circuit as an 
amplifier. A simple and reliable single-transistor mono-
stable circuit is available; it is shown in Fig. 6 with 
values chosen for the present application. 
The circuit is normally OFF. When switched ON by 

a trigger signal, it can produce a peak power of a watt 
in a capacitor-coupled load. The amplitude of input 
signal at which the circuit triggers is under control of 

the circuit designer. With the values of Fig. 6, the cir-
cuit requires a step of 300 µa to trigger, a choice that 
gives good reliability. The required input power is esti-

mated to be about a third of a milliwatt. This repre-
sents a "power gain" of 3,000, well beyond the gain of a 
similar transistor in a linear amplifier. In applications 

T' 
10,000 (1 

where the resistor values can be adjusted, the circuit 
can be set to trigger on 10 µa or less. 
The transistor switches OFF and the output pulse 

ends when the voltage on the emitter capacitor is no 
longer sufficiently positive to maintain the ON state. 
The relatively large capacitor used here allows a high-
energy output pulse, but sets a limit on how often the 
circuit can be triggered. This limit is not important in 
the present system. 

( FOR 
mONOSTABLE) 
OPERATION 
-90v -45 v 

680,0000  . -47000 

OUTPUT 

- M 1689 
(NORMALLY OFF) 

iNPUT 

0.  

-70 

-20 

> -30 

-40 

- 50   
TIME -4. 

OUTPUT WAVE 

Fig. 6—This circuit can be made either monostable or free-running. 
The monostable circuit is used as a regenerative pulse amplifier." 
It is triggered by a negative step and is not sensitive to a positive 
step. 

The output and input signal polarities of this amplifier 
are just what is needed by the binary cell that has been 
described. The output signal is a positive pulse, and the 
input signal required on the base is a negative step. 
The switching times are remarkable. The total delay 

and rise time of the output signal is about 0.1 µsec. 
With a stronger than threshold trigger signal, many 
transistors approach 0.02 #.4sec. In contrast to this, the 
time required to switch OFF may be as much as 1 or 2 
µsec unless the ON time is short. 
In this application, a low internal output impedance 

in the ON state is desirable to develop a fast-rising, 
high-power output pulse. The output impedance when 
ON is essentially the emitter-to-collector path inside the 
transistor in series with the 0.01 microfarad emitter ca-
pacitor. When used in this way, the transistor is a good 
low-impedance switch, with a voltage drop of only 2 or 
3 volts at currents in the range 10 to 100 ma. This is an 
important transistor feature that is not readily apparent 
from the usual static curves. The low impedance allows 
high power output with relatively low dissipation in 
the transistor. For a further discussion of efficiency, see 
"Transistors in Switching Circuits" in this issue.' 
A shunt capacitance connected to the output in-

creases positive feedback in switching ON and tends to 
speed the transition to high current. A remarkably high 
capacitance can be tolerated without affecting the out-
put rise time. In one test, the voltage wave was little 
changed when 3,000 µµf was connected across the out-
put. Peak current in this case must have been quite 
high, of the order of an ampere. It is not yet known 
whether present point-contact transistors are reliable 
with such high peak, currents. 
The terminal characteristics are more complex than 

those of the flip-flop, particularly in the ON state. 
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Jutput impedance in this state has been described. 
:nput impedance in the ON state is low and variable 
md depends on the load. If this feature is troublesome, 
nte can use a resistor in series with the input. The re-
-naining characteristics of the circuit as shown in Fig. 6 
tre given approximately in the following table, which 
issUmes that the 0.01-0 capacitor has negligible im-
Jedance at the frequencies of interest: 
DC power: 
110 µa. at —90 volts. 
1.5 ma at —45 volts; this increases 
with frequent triggering. 

Input: 
Equivalent internal resistance and voltage in OFF 
state: 
4,000 ohms and —13 volts. 

Signal required to trigger: 
Negative current step of 300 µa or more, with 
rise time of 10 µsec or less. 

Maximum trigger rate for full sensitivity: 
600 per second. 

Output: 
Equivalent internal resistance and voltage 
in OFF state: 
4,000 ohms and —38 volts. 

Signal to trigger on output terminal: 
A negative current step as little as 900 µa. 

l'ulse voltage: 
23 volts. 

Pulse delay and rise time: 
0.02 to 0.1 kiSer. 

l'ulse duration: 
20 µsec; this is shortened by a load. 

Maximum available charge per pulse: 
0.1 X10-6 coulombs. 

l'ut,sE-AmPortER DELAY 

The amplifier that has been described can be used as 
a delay unit by using the negative-going trailing edge of 
the output pulse as a signal. But this transition is rather 
slow, and the high internal impedance after the transi-
tion is a disadvantage. A fast and powerful delayed posi-
tive step can be generated with two pulse amplifiers in 
tandem, the second triggered from the trailing edge 
produced by the first. However, both of these arrange-
ments have a weak point in this application because 

1 this pulse amplifier can be triggered by a negative step 

applied to its output. 
A circuit which avoids these disadvantages is shown 

I in Fig. 7. It is made by adding a simple normally ON 
. monostable 1 ircnit following the pulse amplifier. Upon 
triggering, the kise of tlw second transistor is driven 
pos it ive. Tlw ( ()Hector current , which had flowed 
. through the emit or, quickly s‘k itches to the base. The 
1 base-to-collector path in the transistor remains low re-
1 sistance (a kw Inindrcd ohms) for  I or  2 µsec. Then the 
icollector resistance rises, the (•urrent falls to a low value, 
1 and the output terminal drifts negativeward as the 
i capacitors charge. When the first transistor switches r 

OFF, the second switches ON and the output terminal i 

• 

snaps positiveward. The delayed positive pulse that is 
desired in this application can be obtained by "dif-
ferentiating" the output wave (Fig. 7) with a series 
capacitor followed by a shunt-diode dc restorer. 

-90v 

• 6130,000 11 

0 

MI689 
(NORMALLY Off 

2A07.11M  

I0.000rt 

.- 1 \AAt  

'‘ Z 
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I 
e —0 °IA f 10,0o0 n 1 

TIME —IP 

-45v 

I 470011 470011 

390 (1  0•02 µ f 

INPUT 

OUTPUT 

WAVE 

OUTPUT 

..41669 
(NORMALLY ON) 

Fig. 7—This monostable circuit is used for delay and regeneration. 

Since one transistor is normal!) ON, the current 
drain is relatively high. Slow switchoff causes the posi-
tive step applied io the base of the second transistor to 

appear on the load. This effect at the load can be 
greatly reduced, if desired, by a diode added as shown 
in Fig. 7. The diode also reduces delay time somewhat. 
Input characteristics are given under pulse amplifier. 

The output has many of the characteristics of the pulse 
amplifier, especially the fast switch ON and the low 
internal impedance in the ON state. 

LOGIC CIRCUITS 

Transistors and semiconductor diodes have many 
similarities, so that it seems natural to perform logic in 
this system with semiconductor diode gates. A complete 
set for two-state logic is "AND," "OR," and "NOT."' 
"NOT," which means opposite, is handled by the gen-
eration of the opposite in the binary cell. "AND" and 
"OR" are produced by diode gates as shown in Figs. 8 

iNFOPMATION 
INPUTS 

NOmiN•L 
LE /ELS ARE 

I3°d  :z 1 I0,/  0   

It 
PROGRAM 
INPUT 

- 90 VOLTS 

56,000 rt 

1  
OUTPUT 
TO  OR 
CIRCUIT 

TIME -4.• 

PROGRAM PULSE 

Fig. 8 -A gate which acts as an AND circuit for negative signals. 

D. R. Hartree, "Calculating Instruments and Machines," Uni-
versity of Illinois Press, Urbana, Ill., p. 99; 1949. 
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and 9. The AND gate acts as follows: If (and only if) all 
inputs have signals (negative voltage), the output will 
have a signal (negative voltage). The output signal is 
produced by switching the bias current to the output. 
The OR gate follows this rule: If any input has a signal, 
the output will have a signal. 

5 

cc 
84000 n 

- 14 VOLTS 

OUTPUT 

"-) 

01 

30 
T oviE 

OUTPUT WAVE OF 4"1" 

Fig. 9—A gate which acts as an OR circuit for negative signals. 

Several advantages are realized by choosing the 
polarity of the gate circuits as shown. Current is drawn 
from an output terminal of a binary cell only when the 
internal impedance of the cell is low, giving good regula-
tion. The current is of the polarity that is better toler-
ated by the cell. Finally, the gate output polarity will 
trigger a pulse amplifier without an inverting trans-
former. 

One must be careful to assure that logic circuits do 
not put out spurious signals because of lack of syn-
chronism in switching of input variables. In this case 
the gates are not enabled until the inputs have settled 
down. 
Enabling can be done either by a separate tandem 

gate or by a program input directly on the logic cir-
cuits. The latter is more favorable in this case because 
it permits reduced drain on the binary cells. With proper 
dc level of the program pulse, the cells furnish no cur-
rent in the interval between program pulses. There is 
also an opportunity for reduction of peak current in 
the binary cell output by inserting a low pass filter be-
tween binary cell and gate. 
For proper operation, the reverse current in the in-

formation-input diodes of the "AND" gates must re-
main below some limit. To assure this, particularly at 
high temperatures, we used single-crystal P.V junction 
germanium diodes (type M1727) in these positions. 
These diodes switch ON and switch OFF somewhat 
more slowly than the usual point contact type.' 
In switching ON there is an initial high forward 

voltage drop, roughly 2 volts at 1 ma. This tends to 
cause a spurious output signal, which is prevented by 
the proper choice of gate bias voltages. In switching 
OFF, a diode may remain low resistance for several 
microseconds if it has carried a forward current for 
some time. This would cause trouble if the duty cycle 
were unfavorable. In this case, a PN diode carries 

4 L. A. Meacham and S. E. Michaels, "Observations of the rapid 
withdrawal of stored holes from germanium transistors and vans-
tors," Phys. Rev., vol. 78, no. 2, pp. 175-176; April 15, 1950. 

forward current for about a microsecond and has 1,666 
µsec to recover, a cycle which is easily met. 

CONCLUSIONS 

'Ishe adder and shift register described showed cpn-
crete advantages over a similar vacuum-tube system.. 
There was a power saving of about 10 to 1 and a saving 
in volume of about 5 to 1. Reduced volume stemmed 
partly from the smallness of the transistors and partly: 
from the lower power dissipation. A specific conclusion., 
was that power could and should be reduced much, 
further by using lower supply voltages. 
Some important characteristics that were studied are: 
1. Probability of an error. 
2. Tolerance of supply voltage changes. 

3. Tolerance of temperature changes. 
Errors were hunted by setting up the equipment so 

that it would perform all its functions over and over at 
full speed and would leave a permanent record if an er-
ror occurred in any operation whatsoever. It was found 
that the equipment would run at least for several days 
with no error. It may be necessary to shield the circuits 
from the outside world to prevent errors caused by false 
triggering of the pulse amplifiers. 
Supply voltages to the entire equipment could be 

changed individually about ± 25 or 30 per cent with no 
error. This was fairly satisfactory, and it should be 
improved by using transistors meeting current specifi-
cations. 

At elevated temperatures, the OFF collector current 
and the switchoff time go up, so that this equipment was 
limited to about 50 degrees C. With higher ambient 
temperature, such equipment may be attractive because 
its low power makes cooling relatively easy. 
'rests on the transistor were sufficient to insure about 

98 per cent proper operation of the building-block cir-
cuits. The remainder showed slow triggering, for which 
there was no transistor test at the time. Tests on the - 
building blocks insured operation of the equipment with 
proper safety margins. 

It appears that transistors have unique advantages, 
such as the ability to deliver fast-rising, powerful pulses 
into a low-impedance load with very low drain from 
the power supply. 
The packages that were developed are quite useful, 

even though this was an early project and there was no 
attempt to achieve high computing speeds. The feasi-
bility of miniature switching circuits based on transis-
tors was demonstrated. A number of basic qualities of 
transistors were brought out, and further transistor 
work was stimulated. 
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Note on Gaseous Discharge Super-
High-Frequency Noise Sources* 

It is the object of this letter to present 
evidence that the fluctuation phenomena 
which prevent the use of gaseous discharges 
as a noise source at low currents and pres-
sures are caused by the existence of moving 
striations. Although a discharge seems 
homogeneous to the eye, at low currents 
or pressures it can actually consist of bright 
and dark regions located periodically with 
distance along the discharge and traveling 
at thousands of centimeters per second. 
Puppl has shown that the regions of high 
brightness are regions of high electron and 
ion concentrations and high electron tem-
perature. He also demonstrated that the 
voltage gradient changes periodically. 
The critical current below which a dis-

charge will contain moving striations was 
given by Pupp2 for He, Ne, A, and Kr. The 
straight lines in the upper right-hand por-
tion of Fig. 1 represent his data. The curves 
plotted at the top indicate the currents and 
pressures below which the discharges of the 
given gases exhibit the objectionable fluc-
tuations as noise sources. These are taken 
from the points plotted in Fig. 11 of the 
article' under discussion. The position of 
the curves on the graph and the similarity 
of the variation with atomic weight is taken 
as an indication that the objectionable fluc-
tuations are caused by moving striations. 
Johnson and Deremer state that the mix-

ture of gases used in fluorescent-lamp dis-
charges (mercury and 3.5-mm argon) result 
in "suppression" of the unwanted micro-
wave fluctuations. This statement is con-
sistent with the fact that the critical pres-
sure for mercury vapor containing an inert 
gas above which the moving striations do 
not exist is considerably below the critical 
pressure for an inert gas at a given dis-
charge current. This is shown by compari-
son with the lower curve in Fig. 1. The 
curve' for lamps containing Kr instead of A 
is a straight line through the same region 
and has about the same slope as the three 
upper curves from Pupp. The character-
istic mercury color is maintained with or 
without striations in these mercury mixtures. 
The difference between the power law for 

striations, demonstrated by the straight 
lines in Fig. 1 and the logarithmic relation, 
and for fluctuations, demonstrated' by Fig. 
11, probably lies in the definition of critical 
definition of critical current. First, consider 
the critical current definition used in all the 
curves concerning striations. Moving stria-
tions travel from the anode toward the 

* Received by the Institute. May 7.1952. 
I W. Pupp, "Oscillographic probe measurements 

on moving striations in the positive column of rare 
gases" (in German). l'hys. Zeit.. vol. 36. p. 61; 1935. 

2 W. Pupp, "Moving striations in the positive 
column of the rare gases" (in German). Phys. Zeit.. 
vol. 33. p. 844; 1932. Reproduced by M. J. Druy-
vesteyn and F. M. Penning. "Mechanism of electrical 
discharges in gases of low pressure." Rev. Mod. Phys., 
vol. 12. p. 87. fig. 80; 1940. 

H. Johnson and IC. R. Deremer. 'Gaseous dis-
charge super-high-frequency noise sources." Proc. 
1.R.E.. vol. 39. pp. 908-914; August. 1951. 

H. Steele. 'Characteristics of moving striations 
in a mercury-krypton mixture." Phys. Rev.. vol. 82, p. 
571; 1951. 
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Fig. 1—Evidence that low current limitation to noise sources is caused by moving striation. 
Fluctuations or striation are observed at currents and pressures below the curves. 

cathode. As current is increased toward 
the critical value, the moving striations 
first disappear from the cathode end of 
the positive column. As current is in-
creased further, the homogeneous region 
near the cathode lengthens until at the 
critical current the striations have com-
pletely disappeared. The critical current at 
which the unwanted microwave effects dis-
appear would be lower than that just defined 
because the anode end of the discharge is 
outside the guide. 
The three sets of data, however, are in-

consistent when the effect of diameter is 
considered. Pupp found no considerable dif-
ference in the critical current in discharges 
from j- to 2i-inch diameter. The critical 
current increases with decreasing diameter 

for the curves of mercury with krypton. 
Johnson and Deremer find the microwave 
critical current increases with diameter. 
The analysis of how the striations should 

influence the operation as a noise source is 
difficult because the number of striations 
within a given guide varies with all the 
parameters mentioned (gas pressure, cur-
rent, tube diameter, and even tube length 
in precise measurements). Spacings between 
the bright regions of 1.25 and 3 times the 
inch diameter have been observed in our 
mercury mixtures. Spacings of 2.5 and 5 
times the diameter were observed by Pupp' 

1W. Pupp. 'Frequency and spacing of striations 
for moving striations in the positive column of rare 
gases" (in German), Zeit. fur tech. Phys.. vol. 15, p. 
257; 1934. 
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in 1-win A discharges in  and 2-inch diam-
eters. In our mercury mixtures the shortest 
spacings are observed at currents just below 
the critical value. The unwanted microwave 
effects are thus observed with more than one 
bright region within the waveguide. If con-
ditions were changed so that only one bright 
region or part thereof were within the guide 
at any instant, the amplitude of the micro-
wave noise would oscillate at the frequency 
at which striations went through the guide. 
The study of this amplitude modulation 
should lead to a better understanding of 
moving striations. 

HOWARD L. STEELE, JR. 
Research Department 

Westinghouse Electric Corp. 

A Standard Waveguide Spark Gap* 

Accurately rating the power-handling 
capacity of a microwave component is a fre-
quent and difficult task. In studying this 
problem for the Bureau of Ships, we have 
found a simple waveguide spark gap to be a 
valuable tool and recommend its adoption 
by other microwave engineers. 
The spark gap chosen consists of two 

hemispheres mounted three quarterwave-
lengths apart on the wide wall of the wave-
guide, as shown in Fig. I. The radii of these 
hemispheres are about one quarter the guide 
height; each hemisphere is clamped to the 
wall by a single center screw. The spacing 
may be adjusted by mounting the hemi-
spheres in separate waveguide sections and 
inserting sp3cers. 

WAVEGUIDE 
SPACER 

HEMISPHERE 
(RADIUS b/4) 

C :4 GUIDE WAVELENGTH 

Fig. 1—Standard waveguide spark gap. 

The hemisphere type of spark gap has 
many advantages over other types. It 
breaks down at about one-ninth the power 
capacity of the waveguide, as indicated by 
an approximate computation based on its 
simple geometric properties.  It is well 
matched over a moderate bandwidth. Its 
structure insures that the arc will occur at a 
known location, which can readily be irradi-
ated. In addition, it is small in size, conven-
ient to inspect, easy to reproduce and in-
expensive to fabricate for any waveguide 
size. 
As a comparison standard of power ca-

pacity the spark gap is expected to prove 
preferable to straight waveguide. The latter 
is simple in concept, but extremely difficult 

• Received by the Institute. July 15. 1952. 

to measure in practice. Most magnetrons 
available today deliver power well below 
waveguide capacity; as a matter of practical 
experience, they are marginally capable of 
breaking down the hemisphere type of spark 
gap at atmospheric pressure. Furthermore, 
since the power capacity of a waveguide run 
is usually limited by sonic: component having 
only a fraction of the power capacity of 
straight waveguide, it is desirable to use a 
standard comparable to such components in 
power capacity. Rating components relative 
to a spark gap would commonly simplify the 
entire design procedure by providing the 
engineer with realistic ratings. 
If such a spark gap were universally 

used, it would serve as a comm on denomi-
nator in correlating measurements made on 
different test facilities, as well as checking 
the day-to-day operation of each. It is our 
recommendation that a waveguide spark 
gap of the hemisphere type be adopted for 
standard use with all microwave breakdown 
test facilities. 

DAVID DErtimiEu 
Wheeler Laboratories 

Great Neck, New York 

Variable Slope Pulse Modulation* 

A pulse-modulation scheme employing a 
train of equally spaced, equal-amplitude, 
triangular-shaped pulses has been developed, 
and appropriate modulator and detector 
circuits have been built and tested. The in-
telligence to be transmitted is carried in the 
slopes of the leading edges of the triangular 
pulses, the slope of a particular pulse being 
proportional to the amplitude of the intelli-
gence signal at the time of the sampling. The 
rise time of a pulse is of the order of a few 
microseconds so that the intelligence (if an 
audio signal) will remain essentially constant 
during the time of one sampling, with the 
result that the slope of any one pulse is con-
stant. In general, the amplitude of the mod-
ulating signal will change enough bet weeii 
samplings to produce a variation in the 
slopes of succeeding pulses. 
The block diagram of the modulator and 

some modulator waveforms are shown in 
Fig. 1. The current generator supplies the 
current to charge the condenser C. This 
charging current is the cathode current of a 
pentode tube. The triangular-shaped pulse 
formed across Cis coupled back to the screen 
grid of the pentode (via a cathode follower) 
in order to keep the screen grid to cathode 
potential constant. The cathode current, and 
so also the slope of the triangular-shaped 
voltage pulse formed across C, is then di-
rectly proportional to the intelligence signal, 
a(t). The switch S is a thyratron which fires 
at some predetermined voltage across C, 
thus discharging the condenser and ending 
the pulse. A periodic positive pulse is ap-
plied across a resistor in the cathode circuit 
of the thyratron to stop conduction and so 
open the thyratron switch, resulting in the 
linear voltage rise across C as the current 

• Original manuscript received by the Institute. 
June 13. 1952. 

from the current generator flows into the 
condenser. 
The first step in the detection of thee 

variable-slope pulses is to convert them to 
variable-amplitude pulses by means of a low 
time constant differentiating (RC) circuit, 
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Fig. I 

The peak voltage of each pulse is directly 
proportional to the slope of the leading edge 
of the triangular-shaped pulse from which it 
was formed. From what has been said before, 
it follows that this peak voltage is directly 
proportional to the amplitude of the intelli-
gence signal, a(t), at the time of sampling at 
the modulator. The resulting variable ampli-
tude pulses are then stretched in time and 
finally applied across the input of an ap-
propriate low pass filter. The output of the 
filter is, ideally, a constant times a(t). 
Using a pulse repetition frequency of 

8,000, an unmodtdated pulse slope of 
10,000,000 volts per second, and an intelli-
gence signal of 500 cps, the distortion pres-
ent in the output of the detector was de-
termined for several degrees of modulation 
(the degree of modulation is defined as the 
ratio of maximum change in slope to un-
modulated slope). Lt was found that for de-
grees of modulation less than 0.12 the dis-
tortion present was less than 0.5 per cent. 
As the degree of modulation was increased, 
the per cent distortion also increased until at 
a degree of modulation of 0.33, the distortion 
became 4.0 per cent. :Xs the intelligence sig-
nal frequency was increased, the distorti )11 
percentages decreased, this because the filter 
passes fewer harmonics of the higher-fre-
quency signals. 
Plans are now underway to use slope-

modulated trailing edges on the triangular-
shaped pulses so that two channels of infor-
mation may be carried by the same train of 
pulses. 

°LAN E. KRUSE 
Physics Dept. 

Stephen F. Austin State College 
Nacogdoches, Tex. 
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Ernst F. W. Alexanderson (A'13-M'13-
F'15) was boril January 25, 1878, in Upp-
sala, Sweden. He is a graduate of Royal 

Technical University, 
Stockholm, Sweden, 
from which institu-
tion he received an 
honorary degree of 
Dr. of Technology. 
He has also received 
an honorary degree 
of Sc.D. from Union 
College,  Schenec-
tady, and honorary 
Ph.D. from Uppsala 
University, Sweden. 
Mr. Alexandersoli 

joined General Electric Co. in 1902 and 
served that company continuously until his 
retirement in January of 1952. When the 
Radio Corporation of America was formed 
in 1920, he served as chief engineer during 
its first four years, and as chief consulting en. 
gineer until 1930. 

Dr. Alexanderson has done pioneer work 
in transoceanic communication (Alexander-
son Alternator), radio reception, selective 
tuning, television, electronics for radio and 
power, and magnetic amplifiers. 
Dr. Alexanderson is a registered profes-

sional engineer and recently rejoined RCA 
as a consultant. 

A. E. Anderson (S'38, A'41,  1'45) was 
I urn on April 22, 1916, in Lima Ohio. He 
was graduated in 1939 with a B.S. de-

gree in E.E. from 
Ohio State Univer-
sity, where that same 
year he received a 
M.Sc. degree. 
He then joined 

Bell Telephone Lab-
oratories, where un-
til 1942 he was en-
gaged in the develop-
ment of microwave 
electron tubes. Dur-
ing World 1,Var II he 
continued in this field 

with the U. S. Army at Evans Signal Labo-
ratory, Belmar, N. J. He was closely associ-
ated with the Joint Army-Navy Electron 
Tube Committee, and was influential in 
standardizing electron tubes. From 1945 
until 1948, Mr. Anderson worked on the de-
velopment of electron-beam tubes, and since 
1948 he has been active in the development 
of semiconductor devices including the 
transistor. 
Mr. Anderson has served on a number 

of I.R.E. committees, and is a member of 
Sigma Xi, Tau Beta Pi, Eta Kappa Nu, 
Sigma Pi Sigma (physics), and the RE M 
semiconductor subpanel. 

Lorne D. Armstrong was born in Sas-
katchewan, Canada, on November 14, 1917. 
He received the B.A. degree in physics from 

RALPH BRAY 

the University of Saskatchewan in 1939. He 
received the degree of M.A. in physics 
from the University of Toronto in 1940 

and the Ph.D. degree 
in 1949. 
Dr.  Armstrong 

was associated with 
the  National  Re-
search Council of 
Canada as research 
physicist from 1941 
to 1947. He joined 
RCA in 1949, work-

/ ing on ceramic seals 
and high-frequency 
power tubes at the 
Laboratories  Divi-

sion in Princeton, N. J. from 1949 until 
1951. Since 1951 he has been engaged in 
research work on transistors. 

L. D. ARMSTRONG 

Ralph Bray was born in New York City 
on September 11, 1921. He received his un-
dergraduate training at Brooklyn College 

and joined the Pur-
due University semi-
conductor group in 
1942. He has been 
connected with this 
group since then, and 
received the Ph.D. 
degree in physics in 
1949 from Purdue. 
Dr. Bray is now 

assistant professor of 
physics on leave at 
the Technical Insti-
tute, Delft, Holland 

where he is engaged in research on the elec-
trical properties of metals. His interest is 
primarily in the investigation of rectifying 
barriers and their properties. 
Dr. Bray is a member of A.P.S., Sigma 

Xi, and Sigma Pi Sigma. 

George Bryan was born in Camden, N.J. 
on January 15, 1918. He first became active 
in the field of radio in 1934, and from this 

date until 1941 was 
engaged in Marine 
radio  communica-
tions. 
During  World 

War 11 Mr. Bryan 
participated in work 
on receiver antijam-
ming circuits for use 
in long-range radar 
systems. He was 
granted a patent on 
an antijamming ra-
dar receiving system. 

From the middle of 1941 to the present 
time Mr. Bryan has been employed at the 
Signal Corps Engineering Laboratories, Fort 
Monmouth, N. J. Since 1948 he has been en-
gaged in work in the field of nucleonics. 
Mr. Bryan participated in the recent 

A-bomb test at Eniwetok. 

GEORGE BRYAN 

A. COBLENZ 

Esther M. Conwell (Mrs. Abraham A. 
Rothberg) was born in New York, N. Y. 
She received the B.A. degree, magna cum 

laude, from Brooklyn 
College in 1942. In 
1945 the University 
of Rochester awarded 
her the M.S. degree 
and in 1948 the Uni-
versity of Chicago 

•-•  the Ph.D. degree. 
Before  joining 

Bell Laboratories in 
1951, where she is 
now engaged in tran-
sistor research, Dr. 
Conwell taught phys-

ics at the University of Chicago, the Uni-
versity of Rochester, and Brooklyn College. 
In 1942-1943 she spent a few months work-
ing in the quality-control department of 
Western Electric's tube shop. 
Dr. Conwell is a member of A.P.S. and 

A.A.A.S. 

Abraham Coblenz was born in Poland on 
August 25, 1912. He received the B.S. de-
gree from the College of the City of New 

York in 1935, attend-
ing the evening ses-
sion. In 1944 he re-
ceived the M.E.E. 
degree from the Poly-
technic Institute of 
Brooklyn. Further 
post-graduate work 
at the latter institu-
tion was done in 
physics, while attend-
ing the evening ses-
sion. 
From  1929 to 

1940 Mr. Coblenz was engaged in various 
phases of radio work, joining the Depart-
ment of Public Works of the City of New 
York as an electrical engineer in the latter 
year. In 1947 he became affiliated with the 
Signal Corps Engineering Laboratories at 
Fort Monmouth, N. J. as a physicist in 
radar and solid-state physics. 
Mr. Coblenz served as a radar tech-

nician during World War II, and received 
training in radar principles at the Naval 
Research Laboratories, Washington, D. C. 

•;4 

fli 
E. M. CONWELL 

Stanley F. Danko (M'46) was born on 
January 6, 1916 in New York, N. Y. He 
received the B.S. degree in electrical engi-

neering from Cooper 
Union in 1937, with 
graduate studies in 
uhf techniques at the 
Moore School  of 
Electrical Engineer-
ing, University  of 
Pennsylvania. He has 
been employed  in 
the U. S. Army Sig-
nal Corps Inspection 
Laboratory in Phila-

STANLEY F. DANK()  delphia for the pe-
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nod, 1940-1946, joining the Signal Corps 
Engineering Laboratories at Fort Mon-
mouth in 1946. 
Mr. Danko has been associated with the 

electronic component development activi-
ties at the Signal Corps Engineering Labora-
tories, specializing in the development 
of miniaturization  techniques, including 
printed circuits and packaging of electronic 
assemblies. He has been primarily re-
sponsible for the establishment of the auto-
setnbly (printed-circuit) system, and has 
authored a number of papers on the subject. 
Mr. Danko is currently Assistant Chief 

of the Component Parts Section of the Signal 
Corps Engineering Laboratories, concerned 
with administration of research and develop-
ment programs for electronic components. 

• 

E. Dickten, Jr. was born in Elberfeld, 
Germany, on November 15, 1903. He re-
ceived his education in the schools of Pater-

son, N. J., and the 
Brooklyn  Polytech-
nic Institute  Eve-
ning School. 
In  1920  Mr. 

Dickten  became a 
member of the Bell 
Telephone Laborato-
ries, and after sev-
eral years as  an 
instrument  maker, 
transferred  to  the 
Research  Depart-
ment, where he spent 

nine years on various phases of phonograph-
disc recording. In 1935, as a member of the 
technical staff, he became engaged in relay 
and ringer research, maintained the Labo-
ratories' frequency standard, and studied se-
lective voice control. For the past four years 
he has conducted transistor research with 
special emphasis on transistor applications. 

James M. Early (A'48), was born in 
Syracuse, N. Y. on July 25, 1922. He grad-
uated from New York State College of 

Forestry  with  the 
B.S. degree, cum 
laude, in 1943, then 
served in the U. S. 
Army at Oak Ridge, 
Tenn. Discharged in 
1945, Dr. Early at-
tended Ohio State 
University, where he 
received M.S. and 
Ph.D.  degrees in 
1948 and 1951, re-J. M. EARLY 
spectively. Mean-
while he taught elec-

trical engineering at Ohio State. 
In 1951 Dr. Early joined Bell Telephone 

Laboratories, where he is a member of the 
electronic apparatus development group. 
His field has been junction transistor devel-
opment. 
He is a member of Eta Kappa Nu and an 

associate of Sigma Xi. 

J. J. Ebers (S'46—A'48) was born in 
Grand Rapids, Mich. on November 25, 1921. 
He received the I3.S. degree from Antioch 

B. G. FARLEY 

H. Y. FAN 

College in 1946, his education having been 
interrupted by three years' service in the 
U. S. Army. He obtained the M.S. degree 

in electrical engineer-
ing front Ohio State 
University in 1947, 
and the Ph.D.  in 
1950. 
From  1947  to 

1951 Dr. Ebers was 
an  instructor  and 
later an assistant pro-
fessor in the electri-
cal engineering de-
partment  of Ohio 
State University, as 
well as research asso-

ciate for the Ohio State l'iliversit y Research 
Foundation, In September of the latter 
year he joined the transistor development 
group of Bell Telephone Laboratories at 
Murray Hill, N. J. 
Dr. Ebers is a member of Eta Kappa No, 

Sigma Xi, and A.I'.S. 

H. Y. Fan, a native of China, received 
the Sc.D. from the Massachusetts Institute 
of Technology in 1937. From 1937 to 1947 he 

was with the Radio 
Research  Institute 
and Department of 
Physics of the Na-
tional Tsing Htia 
University in Kun-
ming and  Peiping, 
China, in the capac-
ity of associate pro-
fessor (1937 to 1939) 
and professor (1939 
to 1947). He worked 
on  oxide-cathodes, 
photoelectric  emis-

sion, and crystal rectifiers. 
Mr. Fan was a member of the staff of the 

Electronics Research Laboratory of 
from 1947 to 1948, working on thermionic 
and secondary emission of thoria cathodes. 
Since 1948 Mr. Fan has been a professor in 
the Department of Physics, Purdue Uni-
versity, working on semiconductors, mainly 
germanium and silicon. 
Mr. Fan is a fellow of A.P.S. and a mem-

ber of Sigma Xi. 

J. J. EBERS 

Belmont G. Farley (A'48) was born in 
Cape Girardeau, Mo. on December 29, 1920. 
He received the B.S. degree in electrical engi-

neering and mathe-
matics from the Uni-
versity of Maryland 
in 1941. After a short 
period of graduate 
work in mathematics 
at the Massachusetts 
Institute of Technol-
ogy, he joined the 
staff of the Radiation 
Laboratory  there, 
where he assisted in 
the development and 
overseas introduction 

of the SCR-615 radar, and served as project 
engineer in the development of the AN 
/TPS-10 radar. 
In 1945 Dr. Farley resumed graduate 

study in physics at Yale University, receiv-
ing the Ph.D. degree in 1948 for experi-
mental work in nucleon-velocity measure-
ment. Since 1948 he has been associated with 
the Bell Telephone Laboratories, and is 
now working on high-speed switching tran-
sistors. 
Dr. Farley is a member of the American 

Physical and Mathematical Societies and 
Sigma Xi. 

Jean II. Felker (A'46) was born March 
14, 1919, in Centralia, Ill, In 1941 he re-
ceived the B.S. degree in E.E. from Wash-

ington University in 
St. Louis, Missouri. 
After graduation he 
was associated with 
the  Emerson Elec-
tric Company, and 
later he instructed 
at a Naval Training 
School in St. Louis. 
He served in the 

U. S. Army from 
1942 to 1945, first as a 
radar  ntaiiiteiiaitce 
officer attached to 

the Royal Artillery in Great Britain, and-
later as an Army publications officer in this 
country. Since 1945, Mr. Felker has been a 
member of the technical staff of Bell Tele-
phone Laboratories, where he is currently in 
charge of a group applying transistors to 
digital computers. 

J. H. FELKER 

Harold Fleisher was born in Kharkov, 
Russia in 1921. He received the B.A. degree 
in 1942 and the M.S. degree in 1943 in phys-

ics from the Univer-
sity of Rochester. In 
1951 he received the 
Ph.D. degree  in 
physics from  the 
Case Institute  of 
Technology. 
During 1942-

1943 Dr. Fleisher was 
a research assistant 
in the Physics De-
partment and the In-
stitute of Optics of 
the University  of 

Rochester. For the next three years he was a 
staff member of the Radiation Laboratory of 
the Massachusetts institute of Technology, 
and contributed to volume 18 of the Radia-
tion Laboratory Series. In 1946 he was a sen-
ior engineer with the Rauland Corporation 
of Chicago, and from that year to 1950 he 
was an Instructor at the Case Institute of 
Technology. 
From 1950 to the present time Dr. 

Fleisher has been a physicist with the Inter-
national Business Machines Corporation 
(Engineering Laboratories) at Poughkeep-
sie, New York, where he has been working on 
transistor research and development. 
Dr. Fleisher is a member of A.P.S. and 

Sigma Xi. 

HAROLD FLEISHER 

H. G. Follingstad (S'46, A'49) was born 
in Wanamingo, Minn., on January 6, 1922. 
He served in the Signal Corps from 1942-
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46 as a radar technician concerned with 
several long-range, early-warning, search 
radars. In 1947 he was graduated, with 

highest  distinction, 
from the University 
of Minnesota with 
the B.E.E. degree, 
and in 1948 he joined 
the technical staff of 
Bell Telephone Lab-
oratories. 
In 1950 Mr. Fol-

lingstad completed a 
Bell Telephone Labo-
ratories Communica-
tions  Development 
Training Program as 

well as a series of assignments in the special-
ized fields of switching-apparatus testing 
and the design of microwave-test equipment 
and other electronic-measuring apparatus. 
From 1950 to early 1951, he was engaged in 
transistor circuit development. Since that 
time he has been associated with an elec-
tronic-measuring apparatus group and is at 
present concerned with transistor-measure-
ment problems and test equipments. 
Mr. Follingstad is a member of Tau Beta 

Pi. 

Robert A. Gerhold (M'49) was born on 
May 14, 1916 in New York, N. Y. He re-
ceived the B.S. degree in electrical engineer-

ing  in  1936 from 
Cooper 1-nion. From 
1936 to 1939 he was 
Laboratory Engineer 
with the Signal Engi-
neering and Manu-
facturing Company, 
New York. For the 
next three years he 
was employed by the 
Board of Transpor-
tation of the City 

R. A. GERHOI.D  of New York as a 
supervisor of the in-

stallation of electrical power, control, and 
supervisory equipment in the subway and 
substations. In 1941 he joined the staff of 
the Naval Material Laboratory in Brooklyn, 
N. Y., where he worked on the evaluation 
and development of audio-frequency com-
munications systems and related equip-
ments. He became Chief of the Communica-
tions Section in 1947 and consultant in 
electroacoustics in 1950. 
In 1951 Mr. Gerhold was appointed 

Chief of the Miniaturization and Printed 
Circuits Group in the Components and Ma-
terials Branch of the Signal Corps Engineer-
ing Laboratories at Fort Monmouth, N. J. 
He is responsible for the Signal Corps' re-
search and development program on sys-
tems and techniques for the miniaturization 
of military communications equipments. 
Mr. Gerhold is a member of A.I.E.E., 

A.P.S., the Acoustical Society of America, 
and the Audio Engineering Society. 

L.  J.  Giacoletto  (S'37-A'42-M'44-
SM'48) was born in Clinton, Ind., Novem-
ber 14, 1916. lie received the B.S. degree in 
electrical engineering from Rose Polytech-
nic Institute, Terre Haute, Ind., in 1938, 

N. J. GOLDEN 

L. J. GIACOLET 

and the M.S. degree in physics from the 
State University of Iowa in 1939, while hold-
ing an appointment as research assistant 

there. From 1939 to 
1941, while a teach-
ing fellow in the de-
partment of electrical 
engineering at the 
University of Michi-
gan, he engaged in 
frequency-modulation 
research. He received 
his Ph.D. degree in 
electrical engineering 
from  Michigan  in 
1952. 
From  1941  to 

1945 Dr. Giacoletto served with the Signal 
Corps in laboratory assignments concerned 
with development activities in radio, naviga-
tional, and meteorological direction-finding 
equipments. Since 1946 he has been serving 
as a research engineer with the RCA Labo-
ratories Division, Princeton, N. J. 
Dr. Giacoletto is a member of the Ameri-

can Association for the Advancement of 
Science, Gamma Alpha, Iota Alpha, Phi 
Kappa Phi, Tau Beta Pi, and Sigma Xi. He 
has been chairman of the Monmouth Sub-
section and the Princeton Section of the 
I.R.E. and is now a member of the Board of 
Editors and the Administrative Committee 
of the Board of Editors. 

Norman J. Golden (A'51) was born in 
Newark, N. J. on September 6, 1924. He re-
ceived the B.S. degree from Harvard College 

in 1944, concentrat-
ing  in  electronic 
physics. He did grad-
uate work in theo-
retical  physics  in 
1946 at the Univer-
sity of California and 
in  1949-1951  at 
Washington Univer-
sity in St. Louis, Mo. 
During  World 

War II Mr. Golden 
served as an elec-
tronics officer in the 

Navy. In 1946 and 1947 he did electronic 
instrumentation work at the E. I. DuPont 
Experimental Station. In the latter year he 
was also concerned with wide-band circuits 
at the Federal Telecommunications Labora-
tory. In 1948 he worked on gaseous dis-
charge devices at the Raytheon Manufac-
turing Company, and in 1950 on radar-
system design at Emerson Electric. At pres-
ent he is in charge of the Circuits and Ap-
plications Section of the Semiconductor 
Engineering Department of Sylvania Elec-
tric Products, Inc., Electronics Division, 
Newton, Mass. 
Mr. Golden is a member of Sigma Xi and 

A.P.S. 

Gordon N. Hall was born in Covington, 
Kentucky, on September 2, 1924. He at-
tended the University of Kentucky where he 
received a B.S. degree in physics in 1951. 

ROBERT N. HALL 

GORDON N. HALL 

During the war years his time was de-
voted to airborne radar and communication 
equipment. From 1946 to 1952 he was ac-

tively engaged as a 
radio broadcast engi-
neer. During the later 
period his time was 
devoted to design, in-
stallation, and main-
tenance of broadcast 
and high frequency 
short-hop communi-
cation equipment. 
Mr. Hall joined 

the engineering staff 
of the General Elec-
tric Co. in February, 

1952. He is currently occupied with the de-
velopment of the germanium power rectifier. 

Robert N. Hall was born on December 
25, 1919 in New Haven, Conn. He received 
the B.S. degree in physics in 1942 from the 

California  Institute 
of Technology. Im-
mediately after grad-
uation,  he  joined 
the General Electric 
Company in Sche-
nectady, where he 
worked on the de-
velopment  of  cw 
magnetrons  and 
other radar compo-
nents. 
Early  in  1946, 

Dr. Hall returned to 
the California Institute of Technology as a 
graduate student in nuclear physics. His 
thesis work involved the development of a 
high-intensity proton source and the deter-
mination of the low-energy transmutation of 
carbon. 
He received the Ph.D. degree in the sum-

mer of 1948 and returned to the General 
Electric Research Laboratory at The Knolls 
in Schenectady, N. Y. Since then he has 
worked on the purification of germanium 
and the preparation and study of p-n junc-
tion devices. 
Dr. Hall is a member of A.P.S., Tau Beta 

Pi, and Sigma Xi. 

James Ridout Harris (A'43-M'49) was 
born in Lockhart, Tex. on April 14, 1920. 
After graduating from the University of 

Richmond (with a 
B.S. degree in phys-
ics in 1941), Mr. Har-
ris spent a year and a 
half with the Chesa-
peake and Potomac 
Telephone Company 
of Virginia, first main-
taining toll central of-
fice equipment, and 
later, writing specifi-
cations for its instal-
lation. 
In 1942 he joined 

Bell Laboratories. During the next eight 
years he developed radio communication 
and navigation equipment for military air-

J. R. HARRIS 
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craft. Meanwhile, Polytechnic Institute of 
Brooklyn conferred the M.S.E.E. degree in 
1948. Since then he has been concerned with 
the development of transistors and transistor 
circuits for digital computers. 
Mr. Harris is a member of Phi Beta 

Kappa, Sigma Xi, and Sigma Pi Sigma. 

IC* 

L. P. Hunter was born in Wooster, Ohio 
on February 11, 1916. He received the B.S. 
degree in physics from the Massachusetts 

Institute of Technol-
ogy, the B.A. degree 
from the College of 
Wooster,  and  the 
M.S. and D.Sc. de-
grees from Carnegie 
Institute of Technol-
ogy, respectively. 
In  1940  Dr. 

Hunter joined  the 
Westinghouse Elec-
tric  Corporation, 
where he did work on 
the physics of solids. 

During World ‘Var II he was engaged in 
microwave magnetron development, and 
later spent a year at the University of Cali-
fornia working on the calutron project. 
Dr. Hunter has since spent two years at Oak 
Ridge National Laboratory engaged in study 
of radiation effects in solids. 
From 1948 to 1951 Dr. Hunter was man; 

ager of the solid-state electronics section of 
the Westinghouse Research Laboratories. 
In June, 1951 he joined the International 
Business Machines Corporation as a project 
engineer in charge of transistor research and 
development. 
Dr. Hunter is a member of the A.P.S. 

L. P. HUNTER 

Edward Keonjian (M'50—SM '52) was born 
in Tiflis, Caucasus, Russia on August 14, 
1909. He received the M.S. degree in electri-

cal engineering from 
the Leningrad Insti-
tute of Electrical En-
gineering in 1932. 
After graduation 

Mr. Keonjian joined 
the Leningrad Cen-
tral Radiolaboratory 
as a research engineer 
and in 1935 he was 
transferred  to  the 
Leningrad Research 
Institute of Electro-
Physirs as a senior 

engineer. From 1939 to 1940 Mr. Keonjian 
was engaged in the project and development 
work for Naval Radio Communication. 
After spending five years in Germany, 

Mr. Keonjian came to the United States and 
in 1947, joined the Westinghouse Electric 
Corporation in Jersey City, N. J. In 1949, 
he was appointed as a lecturer in electrical 
engineering at the City College of New 
York. After two years, in 1951, Mr. Keonjian 
joined the Engineering Staff of the General 
Electric Company, where he is engaged in 
the development work concerned with tran-
sistors and advanced electronics circuitry. 
He is a member of the General Electric Engi-
neers Association. 

OLOF LINDBERG 

Russell R. Law (A'34--M'40 SN1'43) was 
born on January 11, 1907, in Hampton, 
Iowa. He received the B.S. and M.S. degrees 

in electrical engineer-
ing from Iowa State 
College in 1929 and 
1931. From 1929 to 
1931 he taught elec-
trical  engineering 
there. In 1933 he re-
ceived the D.S. de-
gree from Harvard 
Engineering School. 
During  1933  and 
1934 he was a re-
search associate at 
Harvard ( niversity. 

He joined the researt h and engineering de-
partment of RCA Manufacturing Company 
in 1934. In 1942 he transferred to their 
Laboratories Division at Princeton, N. J. 
Dr. Law is a member of Sigma Xi, Tau 

Beta Pi, Eta Kappa Nu, and the A.P.S. 

RUSSELL R. LAW 

Kurt Lehovec (S'52) was born in Latlow-
itz, Czechoslovakia on June 12, 1918. Ile re-
ceived the Ph.D. in physics from the l 

versity of Prague in 
1941. From 1942 to 
1945 he was assist-
ant  professor  in 
physics at the Uni-
versity of Prague and 
director of a rese.treh 
laboratory on scle-
nium rectifiers, spon-
sored by the Siid-
deutsche  Aparate 
Fabrik,  Niirnberg. 
The following year 
he was a member of 

the staff of the Stiddeutsche Aparate Fabrik. 
From 1947 to 1952 Mr. Lehovec was 

consultant to the Signal Corps Engineering 
Laboratories, Fort Monmouth, N. J., for the 
field of semiconductors, and during 1951 to 
1952 a consultant for the Radio Receptor 
Company, Brooklyn, N. Y. Since July 1, 
1952, he has been head of the transistor 
group at the Sprague Electric Company, 
North Adams, Mass. 
Mr. Lehovec is a member of A.P.S. 

KURT LEHOVEC 

Olof Lindberg was born in Woodlytme, 
N. J. in 1924. During World War II he 
served in the U. S. Army. In 1951 he received 

the B.S. degree in en-
gineering  physics 
from the University 
of Illinois. 
Following gradti-

ation, Mr. Lindberg 
went to work for the 
Westinghouse Elec-
tric Corporation, lie 
is now at the Re-
search Laboratories 
doing work on semi-
conductors and the 
preparation of ger-

manium. He assisted in the design and con-
struction of Hall measurement apparatus. 

Arthur \V. Lo (5'48—A'50) was born in 
Shanghai, China, on May 21, 1916. After 
receiving the B.S. degree in physics from 

Yenching University 
in 1938, he taught in 
West China Union 
University and Yen-
cluing University un-
til he came to the 
1 i ed  States  in 
1945. Ile received his 
M.S. degree in phys-
ics front Oberlin Col-
lege in 1946, and his 
Ph.D.  in electrical 
engineering from the 

ersity of Illinois 
in 1949, while serving as a research associate. 
Ile spent the following year as assistant pro-
fessor in electrical engineering at Michigan 
College of Mining and Technology, and the 
next as lecturer in electrical engineering at 
the College of the t•ity of New York. 
Dr. Lo joined k( A in 1951 as a member 

of the staff of the Advanced Development 
Engineering Section of the Engineering 
Products Department, assigned to advanced 
development work in transistor circuitry. 
Dr. I.o is a member of Sigma Xi, Phi_ 

Kappa Phi, l'i Mu Epsilon, Eta Kappa Nu, 
and the American Ass(A-iation of I 'Itiversity 
l'rcfessors. 

.1141111 .k XV. Lo 

G. E. McDtiffie, Jr. was born on April 4, 
1925 in Washington, D. C. He received the 
B.E.E. degree in 1949 and the M.E.E. de-

gree in 1952, both 
front The ( t holic 
University 411  Ameri-
ca  in  Washington 
D. C. 
Since  receiving 

his lachelor's degree, 
Mr.  McDuffie has 
been a member of the 
faculty of the De-
partment of Electri-
cal  Engineering at 
The  Catholic Uni-
versity of America, 

where he is presently engaged in research on 
the application of barium titillate to counter 
and computer elements. During the sum-
mers he has been employed by the Naval Re-
warch Laboratories, Washington, D. C. 
Mr. McDuffie is an associate member of 

Sigma Xi. 

G.E. MCDUFFIE,JR. 

acl" 0.4  

H. C. MONTGOMERY 

41:4. 

Harold C. NIontgomery was born in De-
troit, Mich., on April 6, 1907. He received 
an A.B. degree from the l'niversity of 

Southern California 
in 1929 and an  
degree from Colum-
bia  University  in 
1933. 
In 1929 he joined 

Bell Laboratories and 
for 12 years studied 
problems in physio-
logical acoustics and 
hearing acuity. After 
World War II he 
engaged in research 
in microphonic con-

k 
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J. A. MORTON 

tacts. In 1936 Mr. Montgomery cooperated 
with the U. S. Public Health Service in a 
hearing survey, and in 1938 and 1939 made 
a similar shit:1y for the Bell System at the 
New York World's Fair. From 1941 to 1945 
he worked on N.D.R.C. contracts for the 
navy, and now conducts research in semi-
conductors—particularly their noise aspects. 
Mr. Montgomery is a member of Phi 

Beta Kappa and Phi Kappa Phi. 

J. A. Morton (A'37-SNU-19) was born in 
-+t. Louis, Mo. on September 3, 1913. He re-
. eived the B.S. degree in electrical engineer-

ing from ‘Vayne Uni-
versity in 1935 and 
the M.S. degree from 
the  l'niversity of 
Michigan in 1936. 
Mr.  Morton 

joined Bell  Tele-
phone Laboratories 
in 1936. He is cur-
rently in charge of 
the development of 
the  transistor and 
other semiconductor 
devices. In the past 

he has been concerned with research on co-
axial cables, microwave amplifier circuits, 
and radar receivers, and with vacuum-tube 
development. He designed a microwave tube 
used in the New York-San Francisco micro-
wave relay system. 
Mr. Morton is a member of Eta Kappa 

Nu, Alpha Delta Psi, I'hi Kappa Phi, Sigma 
Xi, and the Mackenzie Honor Society. lie 
has served on several technical committees 
of the I.R.E. in the past. 

Charles \V. Mueller (S'15 
SN1'45) was born in New Athens, Ill., in 
1912. He received the B.S. degree in electri-

cal engineering from 
the  University of 
Notre Dame in 1934 
and the S.M. degree 
in electrical engineer-
ing from the Massa-
chusetts Institute of 
Technology in 1936. 
From  1936 to 

1938 Dr. Mueller was 
associated with the 
Raytheon Produc-

C. W. NI I -ELLER  tion  Corporation, 
first in the engineer-

ing supervision of factory production of re-
ceiving tubes, and then in the development 
of gas-tube voltage regulators and cold-cath-
ode thyratrons. 

In 1942 he received the degree of Sc.D. in 
physics from NI.I.T. While there Dr. Muel-
ler worked on a government contract on the 
development of gas-filled special-purpose 
tubes for counting operations. Since 1942 he 
has been a member of the technical staff at 
RCA Laboratories in Princeton, N. J. where 
he has been engaged in research on high-
frequency receiving tubes, secondary elec-
tron emission phenomena, and solid-state 

devices. 

DAVID H. NAVON 

Dr. Mueller is a member of the American 
Physical Society and Sigma Xi. He was the 
1946-1947 chairman of the Princeton Sec-
tion of the I.R.E. 

• 

David H. Navon was born in New York 
City on October 28, 1924. He received the 
B.S. degree in electrical engineering from the 

City College of New 
York in 1947. Fol-
lowing graduation he 
served two years in 
the U. S. Army. 
After teaching 

college  physics at 
Mohawk  College, 
Utica and  Queens 
College, Flushing, he 
obtained the M.S. 
degree  from  New 
York University in 
1950. Since that date 

he has been with the solid-state group at 
Purdue University, where he is doing work 
leading to a doctorate in physics. 
Mr. Navon is a member of Sigma Xi and 

Sigma Pi Sigma. 

Reinald S. Nielsen was born on Febru-
ary 26, 1927 at Bridgeport, Conn. He at-
tended the Junior College of Connecticut 

from 1946 to 1948, 
and  received the 
B.E.E. degree from 
Syracuse University 
in 1951. 
Mr. Nielsen has 

worked for the Gen-
eral Electric Com-
pany at Bridgeport, 
Conn. and Syracuse, 
N. Y., and for Syra-
cuse University from 
1946 to 1951. Upon 
graduation he joined 

Sylvania Electric Products Company, Elec-
tronics Division, Boston, Mass. In March of 
1952 he transferred from the Equipment 
Development Group to the Circuits and Ap-
plications Group of the Sylvania Electronics 
Semiconductor Engineering activity. 
In the U. S. Navy service from 1944 to 

1946, Mr. Nielsen attended the Electronic 
Technicians school, where he became an in-
structor. At the Junior College of Connecti-
cut he became a member of Phi Theta 
Kappa. He is also a member of Tau Beta Pi 
and the Syracuse University E.E. Honor 
Society. 

Harry L. Owens (M'46) was born on 
August 11, 1920 in Indianola, Miss. He re-
ceived the B.S. degree in electrical engi-
neering from Mississippi State College in 
1942. During World War II he was on ac-
tive duty with the Signal Corps and studied 
electronics and radar at Harvard University 

G. L. PEARSON 

HARRY L. OWENS 

and the Massachusetts Institute of Tech-
nology, later serving with the Signal Corps 
Engineering Laboratories in the VT fuse 

tube  program.  In 
1946  he was dis-
charged  with  the 
rank of Captain. 
Since 1946 Mr. 

Owens has been em-
ployed by the Signal 
Corps  Engineering 
Laboratories and as-
signed to the Ther-
mionics  Branch, 
Evans Signal Labo-
ratory, where he is in 
charge of work on 

semiconductor devices, including transistors. 

Jacques I. Pankove (formerly Pant-
chechnikoff) was born in Russia on November 
23, 1922. He grew up in France where he 

completed his sec-
ondary  education. 
From 1942 to 1944 
he attended the Uni-
versity of California 
in Berkeley, Calif., 
where he received his 
B.S. degree. 
The following two 

years he served with 
the  United  States 
Army. He then re-
turned to the Uni-
versity of California 
where he received his 

M.S. degree in 1948. Since then, he has been 
engaged in semi-conductor research at the 
RCA Laboratories in Princeton, N. J. 
Mr. Pantchechnikoff is an associate 

member of Sigma Xi and holds membership 
in the American IEE. 

J. I. PANKOVE 
(PANTCHECHNIKOFF) 

Gerald L. Pearson was born in Salem, 
Ore., on March 31, 1905. He was graduated 
from Willamette University in 1926 with 

an A.B. degree, and 
was awarded an M.A. 
degree by Stanford 
University in 1929. 
He then became a 
member of the physi-
cal research depart-
ment of Bell Tele-
phone Laboratories. 
For several years 

Mr. Pearson studied 
noise in resistors, 
vacuum tubes, and 
carbon microphones, 

then engaged in semiconductor research re-
lated to the development of thermistors. 
Since 1945 he has been investigating the 
properties of semiconducting materials for 
transistor applications. 
During World War II Mr. Pearson 

worked on N.D.R.C. contracts for the army 
and the navy. In 1948 the A.I.E.E. awarded 
him a prize for the best paper in research, 
"Properties and Uses of Thermistors." 
Mr. Pearson is a fellow of the American 

Physical Society and a member of Sigma Xi. 
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R. L. PRITCIIARD 

Richard L. Petritz was born on October 
24, 1922 in Rockford, Ill. He received the B.S. 
degree in 1944, the I3.S.E.E. degree in 1946, 

and the M.S.E.E. de-
" gree in 1947 from 

Northwestern  Uni-
versity. In the in-
terim, 1944-1946, he 
served as radar offi-
cer aboard  a de-
stroyer. 
Dr. Petritz worked 

part time on an ana-
logue computer proj-
ect at Northwestern 
University from 1946 
to 1947. He received 

a two-year Murphy Foundation Fellowship, 
during which time he did graduate work in 
physics at Northwestern. He obtained the 
Ph.D. degree in theoretical physics in 1950. 
From 1949 to 1950 Dr. Petritz was an in-

structor in the Department of Electrical En-
gineering at Northwestern. During the sum-
mer of 1949 he was associated with the 
Theoretical Physics Division at Los Alamos, 
N. M. Since 1950 he has been a member of 
the faculty of the Department of Physics at 
the Catholic University of America and a 
member of the Semiconductor Research 
Branch at the Naval Ordnance Laboratory, 
White Oak, Md. He has been concerned 
with research in semiconductors, particu-
larly fluctuation problems and photocon-
ductivity. 
Dr. Petritz is a member of Sigma Xi, Tau 

Beta Pi, Eta Kappa Nu, A.P.S., and the 
Washington Philosophical Society. 

.4r411 

R. L. PETRITZ 

Robert L. Pritchard (S'45-A'51) was 
born in Irvington, N. J. on September 8, 
1924. From 1942 to 1943 he worked as a 

technical assistant in 
the Circuit Research 
Department of Bell 
Telephone Labs. 
Dr.  Pritchard 

spent nine months on 
active duty (recruit 
training and under-
water sound project 
at Solomons, Md.) 
with the U. S. Navy. 
He entered the V-12 
program  and  at-
tended  M.I.T.  He 

was graduated from Brown University in 
1946 with the B.S. degree. The following 
year he obtained the M.S. degree in engi.! 
neering sciences and applied physics at 
Harvard University. He then worked as a 
research assistant, full time for one year and 
half time for two years at the Acoustics Re-
search Laboratory, Harvard University. He 
received the Ph.D. degree in acoustics there 
in 1950. 
Since that date Dr. Pritchard has been 

affiliated with the General Electric Research 
Laboratory in Schenectady, N. Y. He has 
worked on a variety of projects in communi-
cations, including some work in acoustics. 
For the past year he has been doing research 
on the transistor from an electric-circuit 
point of view. 

C. L. ROUAIJLT 

Dr. Pritchard is a member of the Acousti-
cal Society of America and Sigma Xi. 

Louise Roth was born in 1910 in Evans-
ville, Ill., and attended Evansville College. 
She came to Purdue l'niversity in 1945. She 

worked first as an 
analyst in the Chem-
istry  Department 
and, in 1948, joined 
the Physics Depart-
ment, where she was 
engaged in the grow-
ing  of  anthracene 
crystals and the lu-
minescence  of  an-
thracene  tinder ir-
radiation. Since 1950 
she has worked on 
semiconductors, par-

ticularly in connection with the growing and 
purification of germanium. At present she is 
in charge of chemical technology in the 
Physics Department. 
Miss Roth is a member of Sigma Xi, the 

American Chemical Society, and the Ameri-
can Association for the Advancement of 
Science. 

LOUISE ROTH 

Charles L. Rouault was born on April 17, 
1916 in Jersey City, N. J. He received the 
degree of M.E. from Stevens Institute of 

Technology in 1939 
and joined the Gen-
eral Electric Com-
pany, completing the 
Test and Advanced 
Course Program. 
During  World 

War II, Mr. Rouault 
was a mechanical and 
project engineer on 
shipborne and ground 
radar sets and was 
awarded the Navy 
Department Certifi-

cate of Commendation. From 1945 to 1947 
he was engaged in general consulting prac-
tice. He then rejoined the General Electric 
Company, working on wide-band amplifiers 
and general feedback problems. He received 
the Coffin Award of General Electric Com-
pany in 1952 for the development of a selec-
tive signaling system. 
At present, Mr. Rouault is project engi-

neer in charge of applications and advanced 
development in the semi-conductor engi-
neering section. 

John S. Saby (SM'52) was born on March 
21, 1921 in Ithaca, N. Y. He received the 
B.A. degree in physics at Gettysburg College 
in 1942 and the M.S. and Ph.D. degrees 
from the Pennsylvania State College in 1944 
and 1947, respectively. He taught physics at 

JOIN S. SABY 

the latterCollege, and did research in atmos-
pheric acoustics, X-Rays, and wave me-
chanics. From 1947 through 1950, he was 

an instructor on the 
faculty of the Physics 
Department at Cor-
nell University. 
In 1951, Dr. SabY 

joined the Electron 
ics laboratory of the 
General  Electric 
Company in the ca-
pacity of assistant 
section head. He is 
engaged in research 
and development of 
semiconductor  de-

vices, particularly junction transistors. 
Dr. Saby is a member of A.P.S., Phi Beta 

Kappa, and Sigma Xi. 

Baldwin Sawyer (A'52) was born in 
Narragansett, R. I. on July 21, 1922. He 
was graduated from Yale University, in the 

class of 1944, with 
the B.E. degree in 
metallurgy. 
For three years- - 

Mr. Sawyer did met-
allurgical research on 
the Manhattan Proj-
ect at the University 
of  Chicago.  After 
World War II he 
decided to go more 
deeply into the sci-
ence of metals and 
other solids, and be-

gan graduate studies in physics at the Uni-
versity of Pennsylvania. These he continued 
at Carnegie Institute of Technology, re-
ceiving the D.Sc. cl,...gree in physics in 1952. 
In the fall of 1951 he joined the technical 
staff of the Bell Telephone Laboratories to 
work in the development of semiconductor 
devices. 
Mr. Sawyer is a member of Tau Beta Pi 

and Sigma Xi. 

BALDWIN SAWYER 

J. S. Schaffner (S'48-_A'51) was born on 
December 21, 1921 in Schwanden, Switzer-
land. He received a degree in electrical engi-

neering  from  the 
Swiss  Institute  of 
Technology in 1946 
and his M.S. and 
Ph.D. degrees from 
the University of Illi-
nois  in 1948 and 
1950, both in elec-
trical  engineering. 
From 1950 to 1951, 
he was research as-
sistant professor at 
the University of Illi-
nois, and also worked 

on the theory of nonlinear oscillators in the 
Electron Tube Laboratory. 
Dr. Schaffner joined the General Electric 

Company in 1951. Since then, his work has 
been mainly with transistor circuitry. 
Dr. Schaffner is a member of Eta Kappa 

Nu, Sigma Xi, and A.P.S. 

, 

J. S. SCHAFFNER 
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L. G. SCHIMPF 

L. G. Schimpf (SM'46) was born in New 
‘Vashington, Ohio, on January 29, 1914. He 
was graduated in 1937 from Ohio State Uni-

versity with a B.E.E. 
degree. That year he 
became a member of 
the  switching  re-
search department at 
Bell Laboratories, oc-
cupying himself with 
the application of 
electronic devices to 
switching, with spe-
cial attention given 
to  cold  cathode 
tubes. 
After World War 

, 1 Mr. Schimpf joined the transmission re-
earch group to study transmission circuits 
tid acoustics as applied to local subscriber 
t.ttions. He has also made analyses of dial-
le methods. 
Mr. Schimpf is a member of the Acousti-

11 Society of America, Eta Kappa Nu, Tau 
teta Pi, and Sigma Xi. 

Richard F. Shea (A'29—M'32—SNI'43) 
as born on September 13, 1903 in Boston, 
lass. He received the B.S. degree from the 

Massachusetts Insti-
tute of Technology 
in 1924. 
From  1925  to 

1937 Mr. Shea was a 
member of the engi-
neering departments 
of American Bosch, 
Amrad, Kolster, At-
water Kent, Pilot, 
Freed-Eiseman and 
Fada, and was chief 

RICHARD F. SFIEA  engineer of the last 
three. 

Mr. Shea joined the General Electric 
Company in 1937 as development engineer 
and group leader of the Receiver Depart-
ment. He was transferred to the Specialty 
Division in 1945 as Consulting Engineer and 
to the Electronics Laboratory in 1947. He is 
currently Section Engineer in charge of Ad-
vanced Circuits Section. 
Mr. Shea is a fellow of the Radio Club, 

and has served on several I.R.E. committees 
in the past. 

Jacob Shekel (A'52) was born in Bialy-
stok, Poland on January 6, 1926. He re-
ceived his engineering education at the 

Hebrew Institute of 
Technology in Haifa, 
Israel, and graduated 
with the degree In-
ginieur  (E.E.)  in 
1951. 
Mr. Shekel is em-

ployed by the Scien-
tific Department of 
the Ministry of De-
fense of Israel, where 
he does research and 
development work in 
the fields of network 

analysis and synthesis and uhf techniques. 

JACOB SHEKEL 

• . 

Joux N. SHIVE 

During the summer of 1949 Mr. Shekel 
was a guest student on the Foreign Students 
Summer Project at the Massachusetts Insti-
tute of Technology, where he took a course 
on microwaves. 

John N. Shive, since joining Bell Tele-
phone Laboratories in 1939, has devoted 
most of his time to the development of semi-

conductor  devices, 
and is responsible for 
the invention of the 
phototransistor, an-
nounced to the pub-
lic in 1950. His con-
tributions to tran-
sistor  development 
were  preceded  by 
work on  selenium 
rectifiers. 
A native of Balti-

more, where he was 
born February 22, 

1913, Dr. Shive was graduated in 1934 
from Rutgers University with a B.S. degree 
in physics and chemistry. He received the 
Ph.D. degree in 1939 from Johns Hopkins 
University. 
Dr. Shive is a fellow of the A.P.S. and a 

member of the A.A.A.S., Phi Beta Kappa, 
and Sigma Xi. 

William Shockley is in charge of the 
Transistor Physics group at Bell Telephone 
Laboratories. He directed the group which 

developed the point-
contact  transistor, 
and oil the basis of 
theory, he predicted 
the junction transis-
tor more than three 
years before working 
units were announced 
publicly. 
Dr. Shockley was 

born in London, Eng-
land on February 13, 
1910, and came to 
the  United States 

three years later. He was graduated from 
California Institute of Technology in 1932 
with the B.S. degree. Continuing his studies 
at the Massachusetts Institute of Technol-
ogy on a teaching fellowship, he received the 
Ph.D. degree in physics in 1936 and in Sep-
tember of that year joined the Physical Re-
search  Department of Bell Telephone 
Laboratories. His work has included vac-
uum-tube and electron-multiplier design, 
studies of various physical phenomena in 
alloys, radar development, solid-state phys-
ics, magnetism, and semiconductors. 
In 1942, Dr. Shockley was assigned to 

Columbia University Division of War Re-
search on an 0.S.R.D. contract as Director 
of Research for the Antisubmarine Warfare 
Operations Research Group. In 1944 he trans-
ferred to the War Department in the ca-
pacity of expert consultant in the Office of 
Secretary of War, and the following year, 
he returned to Bell Telephone Laboratories. 

WILLIAM SHOCKLEY 

BERNARD N. SLADE 

Dr. Shockley was awarded the Medal for 
Merit in 1946, and in 1951 was elected to the 
National Academy of Sciences. He won the 
I.R.E.'s Morris Liebmann Memorial Prize 
in 1951 "in recognition of his contribution 
to the creation and development of the 
transistor." He is a member of A.P.S., Tau 
Beta Pi, and Sigma Xi. 

Bernard N. Slade (M'50) was born on 
December 21, 1923 in Sioux City, Iowa. He 
received the B.S. degree in electrical engi-

neering from the Uni-
versity of Wisconsin 
in 1948. 
He  joined  the 

RCA Victor Division 
immediately  after 
graduation and be-
came associated with 
the Advanced De-
velopment Group at 
Harrison,  N.  J., 
w.here he is working 
on the development 
of crystal triodes. At 

the same time he is doing graduate work 
in electrical engineering at Stevens Institute 
of Technology. 
Mr. Slade is an associate member of the 

A.I.E.E. 

Earl L. Steele (SNI'48, A'52) was born 
in Denver, Colo. in 1923. After receiving the 
B.S. in physics from the University of Utah, 

Salt Lake City, in 
1945, he continued 
work in this field at 
Cornell  University, 
Ithaca, N. Y., receiv-
ing his Ph.D. degree 
in 1952. 
While at Cornell, 

he taught elementary 
physics courses for 
engineers and pur-
sued research activ-

EARL L. STEELE  ities  on  dielectric 
properties of lumi-

nescent materials and solid-state theory. 
Taking a leave of absence from Cornell in 
1951, he joined the General Electric Elec-
tronics Laboratory where he is presently en-
gaged in research on semiconductor physics 
and devices. 
Dr. Steele is a member of the American 

Physical Society, American Association of 
Physics Teachers, Sigma Xi, and Gamma 
Alpha Graduate Scientific Fraternity. 

Otmar M. Stuetzer (A'50) was born in 
Nuremberg, Germany in 1912. He received 
the lower degrees in mathematics and phys-
ics at the University and the Technische 
Hochschule in Munich, working part time as 
an instructor. 
From 1936 to 1945 Dr. Stuetzer was em-

ployed by the Drahtlos-telegraphische Ver-
suchsstation Graefelfing, later taken over 
by the Flugfunk-Forschungsinstitut Ober-
pfaffenhofen. From 1940 he served there as 
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D. E. THOMAS 

W. E. TAYLOR 

director of the general science and the micro-
wave departments. He was awarded the 
D.Sc. degree in 1938 and the Dr. habil. de-

gree in 1943, both 
from the Technische 
Hochschule in Mu-
nich. In parallel with 
his research work he 
lectured, and for a 
year held a responsi-
ble position with the 
German  Research 
Council. In 1941 he 
received a Lilienthal 
Society  award for 
microwave work. 
Since 1946  Dr. 

Stuetzer has been working for the U. S. 
Air Force at Wright-Patterson Air Force 
Base, Ohio. 

0. M. STUETZER 

William E. Taylor was born in Worland, 
Wyo. on November 15, 1921. He received 
the B.S. degree in metallurgical engineering 

in 1942 and the Ph.D. 
degree in 1950, both 
from Purdue Univer-
sity. 
From  1943 to 

1946Dr.Taylor served 
in the U. S. Army 
Field Artillery. He 
was then engaged as 
a metallurgist at the 
Oak Ridge National 
Laboratory from 1950 
to 1952, participat-
ing in an investiga-

tion of the effects of neutron irradiation on 
solids. He is now employed at the Phoenix 
Research Laboratory of Motorola, Inc. 
Dr. Taylor is a member of the American 

Institute of Mining and Metallurgical 
Engineers, A.P.S., and Sigma Xi. 

Donald E. Thomas (A'47—SM'47) is a 
member of the Transmission Development 
Department of Bell Telephone Laboratories, 

where he is currently 
engaged in the devel-
opment of transistor 
devices for special 
applications. 
Mr. Thomas was 

born on May 12, 
1907,  in Hanover 
Township,  Pa. He 
joined  Bell  Tele-
. phone  Laboratories 
in 1929 after gradu-
ating from Pennsyl-
vania State College 

with a B.S. degree in electrical engineering. 
In 1932 he was awarded the M.A. degree by 
Columbia University. 
His first assignment was in submarine 

telephone-cable development. Just prior to 
World War II he became engaged in the de-
velopment of sea and airborne radar, and 
continued in this work until he left for mili-
tary duty in 1942. Upon rejoining the Labo-

L. B. VALDES 

R. L. TRENT 

ratories in 1946, Mr. Thomas was active in 
the development and installation of the 
first deep-sea repeatered submarine tele-
phone cable—between Key West and Ha-
vana—which went into service in 1950. 
During World War II Mr. Thomas was 

made a member of the Joint and Combined 
Chiefs of Staff Committees on Radio Coun-
termeasures, and is now a civilian member of 
the Research and Development Board Panel 
on Electronic Countermeasures. 
Mr. Thomas is a member of Tau Beta Pi 

and Phi Kappa Phi. 

Robert L. Trent (M'45) was born in New 
York City on March 21, 1919. He received 
the B.S. degree in E.E. and the M.S. degree 

in E.E. from Colum-
bia  I 'niversity  in 
1941 and 1946, re-
spectively. 
In 1941 Mr. Trent 

joined Bell Labora-
tories, where until 
1947 he was con-
cerned almost exclu-
sively with war de-
velopments,  taking 
part in development 
of sonar,  airborne 
radar,  and  pulse-

code-modulation communication em ipmen t. 
During the period from 1947 to 1949 he 
worked on various aspects of short and long 
haul radio-relay television links. He is now 
engaged in the development of transistor 
circuits and devices. 
Mr. Trent is a member of the A.I.E.E. 

L. B. Valdes (A'46) was born in Marianao, 
Cuba, on June 12, 1928. He moved to New 
Orleans for his high school and college edu-

cation, and received 
the B.E. degree in 
electrical engineering. 
from Tulane Univer-
sity in 1946. That 
fall he began gradu-
ate studies in elec-
trical engineering at 
Northwestern  Uni-
versity, where he re-
mained  for  three 
years. He received 
the M.S. degree there 
in 1947. 

Mr. Valdes next joined the transistor-
development group at Bell Telephone Labo-
ratories, where he has been a worker in the 
field since 1949. 
Mr. Valdes is a member of Eta Kappa 

Nu and Sigma Xi. 

Robert L. Wallace, Jr., was born in 
Callina, Tex. on February 21, 1916. He 
attended Westminster Junior College and 
then the University of Texas, from which 
he received the B.A. degree in physics and 
mathematics in 1936, followed by the M.A. 

in physics in 1939. He then attended Harv-
ard University, where he combined teaching 
and studying. From 1941 to 1945 he was 

a special research as-
sociate at Harvard, 
in the field of mili-
tary  communica: 
tions. 
In 1946 Mr. Wal-

lace joined Bell Tele-
phone Laboratories, 
Inc., where he has 
been concerned with 
some problems  in 
magnetic recordings 

R. L. WALLACE, JR.  and wit h transistors. 
He is a meml.er of 

the Acoustical Society of America, l'hi Beta 
Kappa, and Sigma Xi. 

Nlaynard C. ‘Valtz is engaged in elec-
tronic apparatus development at Bell Tele-
phone Laboratories, especially that work 

related to germanium 
and silicon varistors. 
Mr. Waltz was 

born in  Darnari-
scotta, Maine on Au-
gust 19, 1916. He 
was graduated from 
Colby College  in 
1938 with a B.A. de-
gree in physics and 
two years later re-
ceived the M.A. de-
gree in physics from 
Wesleya n Un iver-

sity, Middletown, Conn. 
From 1940 to 1942 he taught physics at 

N1'esleyan, and from 1942 to 1946 worked in 
the Radiation Laboratory at the Massachu-
setts Institute of Technology. In 1946 he 
joined Bell Telephone Laboratories. 
Mr. Waltz is one of the authors of "Radar 

Receivers," a volume in the Radiation Labo-
ratory Series. He is a member of Phi Beta 
Kappa, Sigma Xi, and Sigma Pi Sigma. 

M. C. WALTZ 

Robert E. Yaeger was born on March 1, 
1921, in Chicago, Ill. After receiving the 
B.S. degree from Worcester Polytechnic In-

stitute in 1942, he 
joined Bell Labora-
tories, where his first s 
assignment was with 
the trial installation 
department. He en-
gaged in the design of 
military equipment 
in 1943 and 1944, 
when he was called to 
active duty by the 
U. S. Naval Reserve. 
As a radio-radar offi-
cer, he served in the 

Asiatic Pacific Theatre until 1946. 
Returning to Bell Laboratories, Mr. 

Yaeger designed voice-frequency and car-
rier-telephone equipment and, later, worked 
on the development of program-transmission 
circuits. He became a member of the trans-
istor development group in 1950, first study-
ing applications of transistors to military 
use, and currently to carrier telephony. 

ROBERT E. YAEGER 
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Calendar of 

COMING EVENTS 

7th Midwest Conference, American 
Society for Quality Control, Clay-
pool Hotel, Indianapolis, Ind., 
November 20-21 

Kansas City IRE Technical Confer-
ence, President Hotel, Kansas 
City, Kan., November 21-22 

MEE Conference on Electronic In-
strumentation in Nucleonics and 
Medicine,  Hotel  New Yorker, 
New York, N. Y., November 24-
25 

1952 National Conference on Ve-
hicular Communications, Statler 
Hotel, Washington, D. C., De-
cember 3-5 

IRE-AIEE ACM Computers Confer-
ence, Park Sheraton Hotel, New 
York, N. Y., December 10-12 

IRE-AIEE Meeting on High Fre-
quency Measurements, Washing-
ton, D. C., January 14-16 

IAS-IRE-RTCA-ION Symposium on 
Electronics in Aviation, New York, 
N. Y., January 26-30 

IRE-AIEE Western Computer Con-
ference, Hotel Statler, Los An-
geles, Calif., February 4-6 

IRE Southwestern Conference and 
Electronics Show, Plaza Hotel, 
San Antonio, Tex., February 5-7 

IEE Symposium on Insulating Mate-
rials, London, Eng., March 16-18 

1953 IRE National Convention, Wal-
dorf-Astoria Hotel and Grand 
Central Palace, New York, N. Y., 
March 23-26 

IRE New England Radio Engineering 
Meeting, Storrs, Conn., April 11 

9th Joint Conference of RTMA of 
United States and Canada, Am-
bassador  Hotel,  Los  Angeles, 
Calif., April 16-17 

IRE Seventh Annual Spring Techni-
cal Conference, Cincinnati, Ohio, 
April 18 

1953 National Conference on Air-
borne Electronics, Dayton, Ohio, 
May 11-13 

LANDMARKS IN ELECTRONICS 

Two major landmarks in the history of electronics are represented by the devices in the hands of the 
men pictured above. On the left is Dr. William Shockley of Bell Telephone Laboratories, who directed 
the research program leading to the invention of the transistor. On the right is Dr. Lee De Forest, who 
in 1907 invented the audion. forerunner of modern vacuum tubes, and the cornerstone of modern 
electronics. In this photograph Dr. Shockley is holding Dr. De Forest's audion and Dr. De Forest 
holds the transistor. (A closeup of the transistor is shown in the inset at right.) 

COMPUTER CONFERENCE TO 
STRESS INPUT-OUTPUT 

A Jeint IRE-AIEE-ACM Computers 
Conference will be held December 10-12, at 
the Hotel Park Sheraton, New York, N. Y. 
The Professional Group on Electronic Com-
puters will be the IRE sponsor. 
The following 19 papers will be presented 

successively to assure that no paper will be 
missed because of simultaneous presenta-
tion. 

Wednesday, December 10 

"Recording Techniques for Digital Coded 
Data," A. Tyler, Eastman Kodak Co. 

"Converters for Teletype Tape to IBM 
Cards." IBM 

"Cards to Magnetic Tape Converters for 
UNIVAC," E. Blumenthal and F. Lopey, 
Rem. Rand Inc. 

"Devices for Transporting the Recording 
Media," R. L. Snyder, R. L. Snyder Co. 

"Buffering Between the Input-Output and 
the Computer," A. L. Leiner, NBS 

Thursday, December 11 

"SEAC  Input-Output System," Sidney 
Grunwald, J. L. Pike, P. A. Mantek, 
Ernest Ainsworth, NBS 

"Univac Input-Output System," H. F. 
Welsh, H. Kukoff, L. D. Wilson, E. 
Roggenstein, E. Masterson, Rem. Rand 
I nc. 

"RAYDAC Input-Output System," Walter 
Gray, Kenneth Rehler, Louis Fern, 

Frank Dean, Raytheon Mfg. Co. 
"Type 701 Input-Output Organization," 
L. D. Stevens, IBM 

"Type 726 Magnetic Tape Reader and Re-
corder," W. S. Buslik, IBM 

"Magnetic Tape Technique and Perform-
ance," H. W. Nordyke, IBM 

Friday, December 12 

"Survey of Analog-to-Digital Data Con-
verters," H. E. Burke, Consol. Eng. Corp. 

"Survey of Mechanical Type Printers," J. 
Hosken, A. D. Little, Inc. 

"Survey of Nonmechanical Type Printers," 
R. J. Rossheim, Geo. Wash. Univ. 

"Analex Printer," Leo Rosen, Anderson-
Nichols Co. 

"Eastman  Printer,"  Russel  Thompson, 
Eastman Kodak Co. 

"Ferranti Input-Output Equipment," B. \V. 
Pollard, Ferranti Ltd., London 

"Garment Tag Equipment," 0. G. Hessler, 
Sears Roebuck and Co. 

"Numerically Controlled Machine Tool," 
W. Pease, M.I.T. 

"Summary and Forecast," S. N. Alexander, 
N BS 
At-the-door registration fee for the con-

ference is $3.50 and advance registration is 
$3.00. Registration cards and hotel. C. Holt,reserva-
tion forms may be obtained from A  
Chairman of the Registration Committee, 
International Business Machines Corp., 
590 Madison Ave., New York, N. Y. 
All checks should be made payable to 

Ralph R. Hatcher. 
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TECHNICAL COMMITTEE NOTES 

The Standards Committee met on Sep-
tember 11, under the Chairmanship of A. G. 
Jensen. Mr. Jensen stated that the Execu-
tive Committee had deferred action on the 
Proposed Standards on Receivers: defini-
tions of terms pending the final report on 
the noise figure (noise factor) definitions. 
Mr. Jensen reported that he had written to 
the chairman of the AIEE standards com-
mittee in regard to the "Feedback Control 
Systems Report," published in the October, 
1951 issue of Electrical Engineering, and had 
received assurance that the situation will be 
discussed at their next standards meeting. 
A. G. Clavier desired clarification on the 
procecure to be followed by his Symbols 
Committee in connection with the Proposed 

American Standard—Device Function Let-
ter Designations for Electric Control Equip-
ment. The proposed standard covers three 
questions: I—Designations for Identification 
of Electric and Electronic Parts (Reference-
Designations); 11—Designations for Indicat-
ing Functions of Electric Control Devices; 
III—Designations for Identification of Tele-
phone, Telegraph, Computer, and Related 
Equipment. Since the standard has not 
reached ballot stage, Mr. Jensen suggested 
that Parts I and II be discussed at the next 
meeting of the Symbols Committee and 
that the Standards Committee be informed 
of any decision. The Committee feels that 
the last section of the proposed standard 
might be circulated for the general informa-
tion of interested parties. The next item on 
the agenda was the discussion of the defini-

IR E AWARD PRESENTATION 

The speakers table at the Western IRE Convention Luncheon during presentation of the new Pacific 
Region IRE Electronics Achievement Award. From left to right, Commissioner Hyde of the Federal 
Communications Commission; J. M. Pettit. Stanford University and recipient of the Award; R. L. Sink. 
IRE Director of Region 7: A. M. Zarem, Stanford Research Institute; and. H. R. Lubke, Consulting 
Engineer, Hollywood, Calif. 

ELECTRONICS ACH I E VEM ENT A WARD ESTA BUSHED 
IN PACIFIC REGION 

The  first  "Electronic  Achievement 
Award of Pacific Region IRE" was presented 
to Joseph L. Pettit, by the Director of IRE 
Region 7 (and instigator of the award), 
R. L. Sink, during a luncheon held at the 
Western IRE Electronic Show and Conven-
tion, Long Beach, Calif., August 27-29. 
The award, which was established in 1951 

by the Pacific Regional Committee, is pre-
sented annually during an IRE Convention 
or Conference. The recipient is selected from 
among the 5,000 IRE members on the West 
Coast and is to have made important con-
tributions to the electronic arts and industry 
in one or more of the general categories of 
education, research and invention, system 
engineering, contributions to the literature, 
or contributions to IRE activities. 
The qualifications of the recipient are 

judged by a committee consisting of two 
representatives from each IRE Section 
within the Pacific Region, thus enabling the 
entire West to participate in the selection. 
One of the features of the award is to give 
early recognition to accomplishments which 
had not previously received national atten-
tion. 

As the first to receive the award, Dr' 
Pettit, a Senior Member of the Institute and 
associate professor of electrical engineering 
at Stanford University, was cited for his, 
"Multiple contributions to the electronic 
arts in the fields of education and high-fre-
quency communications and through his 
leadership in Institute affairs." 
Dr. Pettit also received the Presidential 

Certificate of Merit in 1949 for his work 
during World War II with the government's 
Radio Research Laboratory and his con-
tributions in the field of electronics. 
A native of Minnesota, Dr. Pettit re-

ceived the B.S. degree from the University 
of California and the E.E. and Ph.D. de-
grees from Stanford University. He has 
worked closely with the government in di-
recting the development of high-frequency 
receivers used in combating enemy radar, 
and in 1944, he served in the China-Burma-
India Theater instructing in their use. 
Dr. Pettit has been a member of the 

Executive Committee of the San Francisco 
IRE Section, Chairman of the Palo Alto 
Subsection, and General Chairman of the 
West Coast IRE 1949 Convention. 

tion Noise Factor (Noise Figure), also Noise 
Factor (Noise Figure), Average, and Noise 
Factor (Noise Figure), Spot. With the ap-
proval of these definitions, the Receivers 
Standard will be resubmitted to the Exec-
utive Committee. The Committee then 
discussed the supplement to Standard 51 IRE 
17. SI "Practical Consideration in Measur-
ing VHF Receiver Oscillation Radiation." 
R. F. Shea reviewed the background work 
on this proposed standard which is to be 
considered as a supplement to 51 IRE 17. 
Si and made available in mimeographed 
form. There is no necessity for printing this 
in the PROCEEDINGS although a notice of its 
availability may appear. Some changes were 
made by the Standards Committee mem-
bers concerning this proposed standard and 
it will be submitted to the Executive Com-
mittee at an early date. Following was a dis-
cussion of the Proposed Modulation Defini-
tions (51 IRE 11. PS1). A portion of these 
definitions were considered and the remain-
ing terms were deferred until the next Com-
mittee meeting. Reports were submitted 
concerning ASA subcommittees C42.1 on 
General Terms, C42.13 on Communications, 
and C42.14 on Electron Tubes by J. G. 
Brainerd, J. C. Schelleng, and L. S. Nergaard. 
The Antennas and Waveguides Com-

mittee, under the Chairmanship of D. C. 
Ports, met on September 10. The Chairman 
asked for qualified men to edit the material 
for the antenna section of the Annual Re-
view. Suggestions were made by the Com-
mittee. There was some discussion as to 
membership and the future work of the 
West Coast subcommittee. The remainder 
of the meeting was devoted to a review of 
the Definitions of Wave Guide Terms. 
Under the Chairmanship of M. R. Briggs, 

the Radio Transmitters Committee met on 
September 5. A report was submitted by 
J. B. Heffelfinger, Chairman of Subcom-
mittee on Double Sideband AM Transmit-
ters. He stated that an informal meeting of 
his subcommittee had been held at the 
NARTB Convention and that some pro-
gress had been made on the proposed Stand-
ard on Double Sideband Transmitters: 
Niethods of Testing. Specific tasks had been 
assigned to members of the subcommitte, 
and these reports, when correlated, will be 
submitted as a draft for consideration at 
the next Committee meeting. Harold Gold-
berg, Chairman of the Subcommittee on 
Pulse Modulated Transmitters, advised the 
Committee that work on part I of the pulse 
definitions has been completed and that a 
final report soon will be ready for submission 
to the main Committee. A. E. Kenvien, 
Chairman of the Subcommittee on Single 
Sideband Radio Communication Trans-
mitters, reported that a list of definitions 
has been prepared by his subcommittee and 
will be reviewed for submission to the main 
Committee. The Committee then turned its 
attention to a discussion on the Radio Trans-
mitters' contribution to the Annual Review 
The Audio Techniques Committee met 

on September 10, under the Chairmanship 
of C. A. Cady. A good part of the meeting 
was spent in a detailed discussion by the 
Committee on a list of Audio Techniques 
Definitions dated September 24, 1951. This 
list was approved by the Committee and is 
to be sent on the "Grand Tour." 
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ANI ENNAS AND PROPAGATION 

The San Diego Section has been holding 
successful Antennas and Propagation Group 
Meetings, J. L. Heritage as Acting Chairman. 
The Group plans to hold a technical meeting 
lecture and demonstration of radar back-
scatter sounding for determination of maxi-
mum usable frequency. 

AUDIO 

The Audio Group of the San Diego Sec-
tion, now sponsored by F. X. Byrnes and 
Matt Brady of the Navy Electronics Lab-
oratory, has held two successful meetings 
recently. The Group met with officials at 
the Western IRE Convention to discuss the 
affiliation of the San Diego Chapter with 
the National Group. 
During the Chicago IRE Section's meet-

ing, the Audio Group session was represented 
with a talk by B. B. Bauer, on "Electro-
acoustic Analogies for the Radio Engineer." 

BROADCAST AND TELEVISION RECEIVERS 

The "Turret Tuner for Television Re-
ceivers," by M. G. Beier, J. F. Bell, Albert 
Cotsworth, and J. F. White, was given at 
the Broadcast and Television Receivers 
Group session during the recent meeting of 
the Chicago IRE Section. 

CIRCUIT THEORY 

At the first meeting held by the Los 
Angeles Chapter of the Circuit Theory 
(;roup at the Institute for Numerical Analy-
sis, W. R. Evans spoke on, "The Root Locus 
Method." 
The speaker for the November meeting 

will be Louis Weinberg who will give an ex-
pository talk on network synthesis. 
The Circuit Theory Group session at the 

Chicago Section meeting sponsored a talk on 
"Unusual Extensions of Electromechanical 
Equivalence," by Robert Adler. 

COMMUNICATIONS 

The title of the IRE Professional Group 
on Communications has been officially 
changed to the IRE Professional Group on 
Communications Systems. 

ELECTRONIC COMPUTERS 

Recent meetings of the Los Angeles 
Chapter Professional Group on Electronic 

Computers have been held at the Institute 
for Numerical Analysis, National Bureau of 
Standards, Westwood, Calif., with H. T. 
Larson presiding officer. Among the papers 
presented at these meetings have been, 
"Recent Developments in the Digital Com-
puter Activity of the University of Cali-
fornia," by P. L. Morton; "The Selection," 
by W. F. Gunning; "Navy Computers Ac-
ceptance Tests," by D. E. Dufford; and, 
"Test Programs for the SWAC," by Roselyn 
Lipkis. A demonstration of test routines on 
the SWAC also was given. 
M. M. Astrahan Chairman of the Elec-

tronics Computers Group has announced 
that Walter Hamstead has been appointed 
Sectional Activities Chairman. Mr. Ham-
stead will promote the organization of Group 
Chapters in New York City, Washington, 
D. C., and Boston. 

INSTRUMENTATION 

The Professional Group on Instrumenta-
tion, in conjunction with the Instrument 
Society of America, sponsored a session at 
the National Instrument Conference and 
Exhibit, September 8-12, 1952, Public 
Auditorium, Cleveland, Ohio. 
A successful program by the IRE Group 

was attended by over 150 persons to hear the 
papers and discussions presented. Among 
the papers presented were: "A Peak-reading, 
Single-pulse Voltmeter," by E. F. Carome;. 
"Surface Finish Measurement with Elec-
tronics," by D. R. Christian; "A Pre-
scheduled Automatic Actuator Control 
System," by W. T. Harrigill, Jr.; "Geo-
physical Instrumentation," by F. S. Seges-
man; "Sound and Vibration Instrumenta-
tion," by Frank Mass; "Computers and Ser-
vomechanisms," by H. R. Hegbar; and, 
"High-Speed Recording," by S. J. Begun. 
The San Diego IRE Section has an-

nounced the meetings of an Instrumentation 
Group under the Chairmanship of William 
Burnett. One meeting was sponsored by 
John Day, Junior Past Chairman of the San 
Diego Section, and D. C. Kalbfell, Student 
Advisor. A symposium on subminiaturiza-
tion also was held. The Group plans to hold 
four meetings per year. 

INDUSTRIAL ELECTRONICS 

A symposium, "Industrial Electronic 
Transducers," by James Everett, Dave 

TRANSACTIONS OF IRE PROFESSIONAL GROUPS 
The following issues of TRANSACTIONS have recently been published by 

IRE professional Groups and additional copies are available from the In-
stitute of Radio Engineers, Inc., 1 East 79 Street, New York 21, N. Y., at the 
prices listed below. 

Sponsoring 
Group 

Airborne 
Electronics 

Audio 

Publication 
Group 
Mem-
bers 

PGAE-4; "The Selectivity and In-
termodulation Problem in UHF 
and Communication Equipment" 
(12 pages) 
PGA-9; September-October Issue 
(28 pages) 

$0.45 

0.60 

IRE 
Mem-
bers 

$0.65 

0.90 

Non-
mem-
bers' 

$1.35 

* Public libraries and colleges can purchase copies at IRE Member rates. 

1.80 

Elam, and Gordon Kenett, was featured by 
the Group during the Chicago IRE Section's 
Meeting held in September. 

MICROWAVE CIRCUITRY 

The San Diego Section has shown an in-
terest in the formation of a chapter of the 
Microwave Circuitry Group. The Group 
may combine with the Antennas and Propa-
gation Group in its formation. 

VEHICULAR COMMUNICATIONS 

The Executive Committee has approved 
the formation of the Washington Chapter of 
the Professional Group on Vehicular Com-
munications. 
With this Group in attendance the Wash-

ington IRE Section held a meeting recently 
at which a paper was presented by Jacob 
Rabinow of NBS, entitled, "Information 
Storage Devices." 

Vehicular Communications Meeting 

The third Annual Meeting on 
Vehicular Communications will be 
held December 3-5, 1952, at the 
Statler Hotel, Washington, D. C. The 
Washington IRE Section will be host 
to the meeting, and the newly formed 
Washington Professional Group Chap-
ter on Vehicular Communications and 
the National Group will act as spon-
sors. 
The theme will be "Spectrum 

Conservation" Papers will be pre-
sented on vehicular and kindred sub-
jects, supplemented with a great vari-
ety of exhibits by manufacturers. 
A luncheon and an evening ban-

quet featuring prominent speakers in 
the vehicular field will highlight the 
social program. An interesting pro-
gram for the ladies will include tours, 
teas, and style shows. 
W. A. Shipman, P.O. Box 215, 

Falls Church, Va., is Chairman for the 
conference. He will be ably assisted 
by Colonel E. White and Joseph 
Kelly, Arrangements Chairmen; Ro-
land Davies and Robert Tall, Put.-
licity Chairmen; Granville Klink, 
Exhibits Chairman; Mark Swanson, 
Chairman of the Washington IRE 
Section; Tom Jacocks, Chairman of 
the Ways and Means Committee. 

I EE PLANS SPRING SYMPOSIUM 
The Institute of Electrical Engineers 

will hold a symposium dealing with the se-
lection and use of dielectrics, March 16-18, 
1953, Institute of Electrical Engineers 
Building, London, England. 
With the presentation of approximately 

50 papers anticipated, the provisional plan 
for the subsequent sessions is as follows: 
permittivity and dielectric losses in solids; 
permittivity and dielectric losses in liquids; 
electric strength and breakdown mecha-
nisms; mechanical, physical, chemical prop-
erties, and their stability; current problems 
in insulation design for high frequencies and 
lower frequencies; classification, specifica-
tion, and testing. 
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IRE People   

William C. Ballard kSNI'46), pro-
fessor of electrical engineering at Cor-
nell University, died recently. 
Professor Ballard was born on 

September 1, 1888, in Baltimore, Md. 
After studying at Baltimore City 
College, he attended Cornell Uni-
versity where he received the M.E. 
degree in 1910, in electrical engineer-
ing. He then was placed in charge of 
communications  and  electronics 
courses at Cornell, and was responsible 
for the beginning and development of 
that department. 
In addition to his appointment at 

Cornell, Professor Ballard was en-
gaged as an engineering consultant 
for various companies, among them 
Atwater Kent, Westinghouse, Fox 
Film, Western Electric, Sylvania Elec-
tric Products, Inc., and the Automatic 
Signaling Company. 
Professor Ballard was the Vice-

Chairman of the IRE Professional 
Group on Medical Electronics. 

Ralph I. Cole (A'20-SM'46) has joined 
the engineering staff of Alelpar Inc. 
Mr. Cole who was born in St. Louis, 

Mo., on August 7, 
1905, received  the 
B.S. degree  from 
Washington Univer-
sity in 1927. He then 
became  associated 
with the United 
States Signal Corps 
as a radio engineer 
engaged in research 
and development at 
the Fort Monmouth 
Laboratory.  Under 
his direction that the 

first modern tank radio was developed. 
In 1936, Mr. Cole received the I.S. 

degree in physics at Rutgers University. 
He then was put in charge of research and 
development of radio direction finding and 
fighter control equipment for the Signal 
Corps and Air Force, and at the beginning 
of \‘'orld War II, he was commissioned a 
major in the army assigned to the Signal 
Corps Laboratory. He was promoted to 
lieutenant colonel in 1944 in charge of all 
engineering activity concerning develop-
ment of ground electronics equipment at 
the Watson Laboratories. 
Mr. Cole received the Army commenda-

tion Ribbon and Legion of Merit for his ef-
forts in the research and development field, 
and still holds the rank of colonel in the Air 
Force Reserve. 
Mr. Cole is Chairman of the IRE Pro-

fessional Group on Engineering Manage-
ment and a member of the Research and 
l)evelopment Boards Radar Panel. He is the 
holder of several patents on improvement in 
radio direction finding systems and special 
radio components. 

Benedict K. V. French (A'24-M'30-
SM '43) has become a member of the field 
engineering staff of the General Instrument 
Corporation. 
Mr. French began his radio career in 

1923 as a development engineer with the 
Federal Telegraph and Telephone Com-
pany. He held subsequent posit ii  %% it h 
the American Bosch Company, P. R. \lal-
lory Company, II \%.trd W. SallIS C o m pany, 

RCA's License I /ivi,ion Laboratory, an,11 he 
Allen B. DuMont Laboratories, Inc. Ile was 
responsible for the introduction of push-
button station selection and wave-band 
switching. 
During 11.orld ‘1.ar I, Mr. French served 

on the joint Army-Navy Standardization 
Board, and in World War II, he was the 
supervisor for Mallory research in the de-
velopment of a mercury-type dry battery, 
extensively used in the armed forces radio 
equipment. 
Mr. French has served as Chairman of 

the IRE Connecticut Valley and Indianapo-
lis Sections and is a member of the IRE 
Professional Group on Airborne Electronics. 

Alfred N. Goldsmith (M'12-F'15), a 
Founder of The Institute of Radio En-
gineers, has been awarded  the  Radio 
Pioneers 1952 Special Citation for Out-
standing Services and Contributions to 
Radio. 
The award was cited to Dr. Goldsmith, 

"who, through continuing and essential con-
tributions over a period of forty years to the 
growth and development of radio, broad-
casting and television, has made the growth 
of these industries a monument not only to 
science, but to himself," and was signed by 
H. F. Kaltenborn, Founder, and Carl 
Haverlin, President. 
Dr. Goldsmith, Editor of the PRO-

CEEDINGS of the I.R.E., is well known 
for his work as a consulting engineer and for 
his inventions in the radio, phonograph, TV, 
color TV, and motion picture fields. 

Ernest A. Marx (A'44) has been named 
vice president of DuMont Television and 
Electronics, Ltd., in Canada. He is the di-
rector of the company's international divi-
sion. 
Mr. Marx, who is a native of New York, 

received the B.S. degree in electrical en-
gineering in 1917, from Columbia Uni-
versity. From 1917-1920, he was a radio 
instructor for the United States Naval Radio 
School. From 1920-1935, he was a statis-
tician and analyst for companies engaged in 
engineering activities, and in 1935 -1941, he 
was a technical advisor for American bank-
ing houses in Europe and the representative 
to foreign engineering companies. 
Before joining the DuMont Laboratories 

in New Jersey, Mr. Marx was a radar en-
gineering specialist for the United States 
Navy Radar Installation and Radar School, 

Gordon N. Thayer (S:\l'47-F'51) has 
been named a vice president of the Bell 
Telephone Laboratories, Inc. In his new 

post, he will be re-
sponsible  for  the 
laboratories' military 
development  pro-
gram and its rela-
tions with the Army, 
Navy, and Air Force. 
Mr. Thayer was 

born October 6,1908, 
in Delta, Colo., and 
received  the M.E. 
degree from Stevens 
Institute of Technol-
ogy in 1930. He then 

joined Bell Telephone engaged in the devel-
opment of mobile radio communications 
equipment and systems. 
In 1940, Mr. Thayer became affiliated 

with a group developing radar systems, and 
later turned his attention to microwave 
radio-relay systems. Since 1949, he has been 
concerned with the development of com-
munications systems, including the cross- - 
country radio-relay system, the Key West-
Havana submarine cable, and overseas radio 
projects. Mr. Thayer was appointed assist-
ant director of transmission systems devel-
opment at Bell Telephone in 1949, and di-
rector of transmission development in 1951. 

G. N. THAYER 

Ben Kievit (M'34-SN1'43) has been 
named manager of sales engineers for the 
radio and television picture tube divisions 

of Sylvania Electric 
Products, Inc. 
A native of To-

ledo, Ohio, Dr. Kie-
vit received the AS. 
and  M.S. degrees 
front the University 
of Kentucky in 1924 
and 1926, and the 
Ph.D. degree front 
the  University of 
Michigan  in 1930. 
While working for 
his graduate degrees, 

Dr. Kievit was an instructor in physics. 
Dr. Kievit joined-Sylvania in 1930 as a 

research  physicist  doing developmental 
work on photoflash lamps. In 1932 he was 
made supervisor of the radio tube applica-
tion department and also edited the Syl-
vania Technical Manual and the Sylvania 
Engineering News Letter. 
In 1938, Dr. Kievit was promoted to 

assistant director of the tube division's com-
mercial engineering department, and in 1940, 
he was named supervisor of customer serv-
ices. In 1943, he became field engineer, east-
ern district, of Sylvania's tube sales depart-
ment. 
Dr. Kievit is an active author of tech-

nical articles, technical manuals, and en-
gineering news letters. He is a fellow of the 
American Association for the Advancement 
of Science, and a member of the American 
Physical Society and Sigma Xi. 

BEN KIEVIT 
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C. E. McClellan 
1306 Tarrant Rd. 
Glen Burnie, Md. 
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Louisville, Ky. 

H. W. Mehrling 
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D. E. Mereen 
3260 N. 88 St. 
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V. S. Carson 
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nomena   

Location and Aids to Navigation   
. Materials and Subsidiary Techniques 
Mathematics   
Measurements and Test Gear   
' ,ther Applications of Radio and Elec-
tronics   

,r0pagation of Waves   
eception   
- rations and Communication Systems  
bsidiary Apparatus   
elevision and Phototelegraphy   
ransmission   
. tbes and Thermionics  
I scellaneous  

1619 
1620 
1621 
1623 

1623 
1625 
1625 
1626 
1626 

1627 
1627 
1628 
1629 
1629 
1629 
1630 
1631 
1632 

The number in heavy type at the upper 
• of each Abstract is its Universal Decimal 
.44;ification number and is not to be confused 
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serial number of the Abstract. DC numbers 
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'visional. 

COUSTICS AND AUDIO FREQUENCIES 

16:534  2675 
References to Contemporary Papers on 

,coustics —R. T. Beyer. (Jour. Acous. Soc. 
?n,r., vol. 24, pp. 330-334; May, 1952.) Con-
i tuition of 2406 of October. 

34.2 2676 
Connection between the Problem of Acous-

c Diffraction at a Sphere and the Reciprocity 
Iheorem—S. N. Rzhevkin. (Zh. Tekh. Fiz., 

I 21, pp. 1224-1227; October, 1951.) It is 
hown by solving the diffraction problem that 

! II, sound pressure at a remote point B caused 
,y a radiator at a point P on the surface of a 
:ixed rigid sphere is equal to that which would 
or caused at the point P by a radiator of the 
-.Arne output at the point B. 

534.231 2677 
A More Rapidly Convergent Expansion for 

the Velocity Potential of a Piston Source —H. 
Elrod, Jr. (Jour. Acous. Soc. Amer., vol. 24, pp. 
325-326; May, 1952.) A variation of the expan-
,ion given by Carter and Williams (1815 of 
1951) is presented which is particularly useful 
for calculations in the paraxial regions. 

534.231:534.321.9  2678 
The Acoustical Field Near a Circular Trans-

ducer—E. W. Guptill and A. D. MacDonald. 
Canad. Jour. Phys., vol. 30, pp. 119-122; 
March, 1952.) An approximate formula is de-
rived for the case of a circular diaphragm 
damped at its periphery. Particle velocity in 
the near field is greater than that for a plane 
wave; in the case of a crystal of 1-cm radius 
operating at about 1 mc in water, the differ-
ence is roughly 0.1 per cent. 

534.232 + 534.321.9  2679 
New Ultrasonic and Sonic Generators— 

R. Gobel. ( Nachrichtentechnik, vol. 2, pp. 7-11; 

The Annual Index to these Abstracts and References covering those published 
in the PROC. I.R.E. from February, 1951, through January, 1952, may be obtained 
for 2s.8d. postage included from the Wireless Engineer, Dorset House, Stamford 
St., London S.E., England. This index includes a list of the journals abstracted 
together with the addresses of their publishers. 

January, 1952.) Illustrated review of many dif-
ferent types of generator available commer-
cially. 

534.232 2680 
Radiation Loading of Cylindrical and Spher-

ical Surfaces— M. C. Junger. (Jour. Acous. Soc. 
Amer., vol. 24, pp. 288-289; May, 1952.) 
Series of curves are presented for the acoustic 
reactance and resistance ratios of partial waves 
emitted by cylindrical and spherical sources 
whose dynamic configuration can be expressed 
by inonite series. 

534.232: 534.141.4  2681 
Acoustical Characteristics of Jet-Edge and 

Jet-Edge-Resonator Systems — W. L. Nyborg, 
M. D. Burkhard and II. K. Schilling. (Jour. 
Acous. Soc. Amer., vol. 24, pp. 293-304; May, 
1952.) 

534.24 2682 
The Reflection of a Pulse by a Spherical 

Surface —D. V. Anderson, T. D. Northwood 
and C. Barnes. (Jour. Acous. Soc. Amer., vol. 
24, pp. 276-283; May., 1952.) The Kirchhoff 
integral is applied to obtain an approximate 
solution for the reflection of a pulse back to a re-
ceiver near the source. For a minimum-time 
path the reflected pulse develops a tail, and for 
a maximum-time path a head. Experiments 
confirmed this. 

534.24  2683 
Reflection of a Pulse by a Concave Parab-

oloid —D. V. Anderson. (Jour. Acous. Soc. 
Amer., vol. 24, pp. 324-325; May, 1952.) The 
existence of a secondary pressure maximum 
about 3j/4 from the axis (1= focal length of 
reflector), as predicted by Friedlander (98 of 
1943), is confirmed experimentally. 

534.24:534.321.9 2684 
On the Failure of Plane- Wave Theory to 

predict the Reflection of a Narrow Ultrasonic 
Beam — M. S. Weinstein. (Jour. Acous. Soc. 
Amer., vol. 24, pp. 284 -287; May, 1952.) Re-
flection measurements at 3.35 mc in water for 
air-backed Al plates of thicknesses from 0.25 
to 0.025 inch and for an Al plate 2 inches thick 
indicate that plane-wave theory is not strictly 
applicable to the reflection of a narrow beam. 
The excess pressure of the reflected wave is con-
siderably lower than that predicted by the 
plane-wave theory when the angle of incidence 
is such that the change of phase on reflection 
varies greatly with a sniall change of the angle 
of incidence. 

534.26 535.43 2685 
Multiple Scattering of Radiation by an 

Arbitrary Planer Configuration of Parallel 
Cylinders and by Two Parallel Cylinders— 
V. Twersky. (Jour. Appl. Phys., vol. 23, pp. 
407 -414; April, 1952.) The solution previously 

given (1803 of August) is applied to the par-
ticular case where all the axes lie in the same 
plane. The scattered wave is expressed as an 
infinite sum of orders of scattering, the first 
order being the usual single-scattering ap-
proximation. Both em and acoustic waves are 
considered. 

534.26  2686 
On Acoustic Diffraction Cross-Sections for 

Oblique Incidence —J. W. Miles. (Jour. Acous. 
Soc. Amer., vol. 24, p. 324; May, 1952.) The 
variational method of Schwinger furnishes a 
convenient means for relating the plane-wave 
transmission cross-section of an aperture for 
oblique incidence to that for normal incidence. 
Bouwkamp's results (2160 of 1951) are then 
used to obtain the oblique-incidence transmis-
sion cross-section for moderate values of kg, 
where k is the wave number and a the radius of 
the aperture. 

534.373:534.414  2687 
The Damping of Acoustic Resonators —K. 

Voelz. (Z. angew. Phys., vol. 4, pp. 18-19; 
January, 1952). Addendum to 2087 of 1951. 

534.61:621.317.78.029.4  2688 
Measuring the Mean Power of Varying-

Amplitude Complex Audio Waves —H. W. 
Curtis. (Pitoc. I. R. E., vol. 40, pp. 775-779; 
July, 1952.) An instrument for measuring af 
signals in which the power varies rapidly (e.g., 
speech sounds) is essentially a computer with 
circuits performing the operations of squaring, 
integrating, putting limits on the integral, and 
taking a logarithm. The result is presented as 
a continuous strip recording of oscilloscopic 
deflections, giving readings accurate to within 
1 db over a 25-db range. 

534.612.4  2689 
Absolute Calibration of Acoustic Trans-

ducers by the Method of Reciprocity in a Tube 
with Standing Waves —M. V. Kazantseva. 
(Zh. Tekh. Fiz., vol. 21, pp. 1213-1223; October 
1951.) The method described previously (1060 
of 1950) was applicable at frequencies up to 
about 1,500 cps. This range is extended to 10 
kc by using a hydrogen-filled tube of diameter 
4 cm and length 86 cm. The results are plotted 
and the theory of the method is discussed. 

534.612.4:621.395.61  2690 
Absolute Method of Calibrating Micro-

phones at Audible and Ultrasonic Frequencies 
—V. Gavreau, M. Dratz and A. Calaora. 
(Corn Pt. Rend. Acad. Sci. (Paris), vol. 234, pp. 
1603-1605; April 16, 1952.) For frequencies up 
to 40 kc, a source consisting of a solid duralu-
min cylinder vibrating longitudinally is used 
[see 2455 of 1941 (St. Clair)]. An optical method 
is used for measuring the amplitude, the end of 
the cylinder being polished to form a mirror and 
the displacement of the image of a razor edge 
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observed with a stroboscopic arrangement. 
Tables are given of measurements made in an 
anechoic room on an electrodynamic and on a 
piezoelectric microphone. 

534.614:533.5  2691 
The Velocity of Sound in Gases at Low 

Pressures —R. L. Abbey. —(Ausi. Jour. Sci. 
Res., Ser. A, vol. 5, pp. 223-225; March, 1952.) 
Report of experiments made to clear up the 
discrepancy between Maulard's results (3000 
of 1949) and those of Abbey and Barlow (Aust. 
Jour. Sci. Res., Ser. A, vol. 1, p. 175; 1948). 
A tube of diameter 3.5 cm was used. The new 
results indicate that the discrepancy was largely 
due to inadequate tube correction for diameter 
and frequency variations. 

534.75:534.79  2692 
The Anomalous Behaviour of the Thresh-

old of Hearing in Relation to the Equal-Loud-
ness Contours —R. Guelke. and H. helm. 
(Jour. Acous. Soc. Amer., vol. 24, pp. 317-322; 
May, 1952.) Tests on 48 subjects show that the 
intensity jump from threshold to 10 phons is 
greater at 100 cps than at 1,000 cps. This is 
contrary to experience at higher intensities. 
A possible explanation is suggested. 

534.78:534.791  2693 
On the Measurement of the Loudness of 

Speech—I. Pollack. (Jour. Acous. Soc. Amer., 
vol. 24, pp. 323-324; May, 1952.) A loudness 
scale for speech is presented which is based on 
available experimental data. Apparatus and 
methods used were the same as for measure-
ments on white noise (1501 of July). 

534.84: [621.395.61 + 621.395.623.7  2694 
Quality Assessment of Rooms for Electro-

acoustic Transmissions —H. Etzold. (Funk u. 
Ton, vol. 6, pp. 191-197; April, 1952.) Dis-
cussion of the relation between the acoustical 
properties of rooms and the quality of the re-
production in a microphone-amplifier-loud-
speaker system, the microphone and loud-
speaker being in different rooms, account being 
taken of physiological and psychological fac-
tors. 

534.845 2695 
Note on Beranek's Theory of the Acoustic 

Impedance of Porous Materials—J. W. Mc-
Grath. (Jour. Acous. Soc. Amer., vol. 24, pp. 
305-309; May, 1952.) The theory previously 
given by Beranek (1410 of 1942) is modified so 
as to avoid two approximations. The modified 
theory appears to be quite adequate for very 
porous materials with low flow resistance. 

534.845 2696 
An Experimental Investigation of Resonant 

Sound Absorbers —K. A. Velizhanina. (Zh. 
Tekh. Fiz., vol. 21, pp. 1087-1099; September, 
1951.) A detailed report is presented on experi-
ments with sound-absorbing systems consist-
ing of perforated sheets mounted at a distance 
from a wall. The theory of such systems is dis-
cussed and design formulas are derived. 

534.845 2697 
The Use of Perforated Facings in Designing 

Low-Frequency Resonant Absorbers —D. B. 
Callaway and L. G. Ramer. (Jour. Aeons. Soc. 
Amer., vol. 24, pp. 309-312; May, 1952.) 

534.851/.852:534.321  2698 
Measurement of Pitch Fluctuations —H. 

Vollmer. (Funk u. Ton, vol. 6, pp. 169-175; 
April, 1952.) Various possible methods of 
measurement of fluctuations in sound-repro-
duction equipment are considered briefly. The 
method adopted was a phase-measurement 
bridge, the indicating instrument in which 
gives the frequency deviation direct, with 
maximum scale readings on the two ranges of 
±0.5 per cent and +1.5 per cent. A standard 
test frequency of 5 kc is used. 

621.395.61/.62 -I- 534.85/.86  2699 
I.R.E. Show Review -1952 —H. K. Richard-

son. (Audio Eng., vol. 36, pp. 26-28, 53; April, 
1952.) Brief noticed of some of the af equipment 
exhibited. 

621.395.62  2700 
Equipment for Sound Reproduction —IVire-

less World, vol. 48, pp. 255-258; July, 1952.) 
Illustrated descriptions of disk and magnetic 
recorders, amplifiers, loudspeakers, pickups 
and microphones shown at recent exhibitions. 

621.395.623.73  2701 
Electrical Loudspeakers---L. Igliick. ( Nach-

richtenfechnik, vol. 2, pp. I 1 -15; January, 
1952.) A short review of the basic principles of 
various types of loudspeaker, including high-
power types, and details of the construction of 
a giant 1-kw loudspeaker and of the means 
adopted for increasing its efficiency. 

621.395.625.6: 534.862.3  2702 
New Sound-Recording  System —J.  P. 

Shields. (Radio-Electronics, vol. 23, pp. 26-28; 
April, 1952.) Description of a system using 
spiral scanning  of  an intensity-modulated 
electron beam to record 30-minute programs 
on disks of ordinary photographic film. For re-
production, the developed film is interposed 
between the screen of the scanning cr tube and 
a lens focusing the light from the screen on a 
photocell, whose output voltage is fed to a 
loudspeaker via an amplifier. 

621.395.813:621.317  2703 
Objective Measurements of Intelligibility 

on Subscribers' Telephones—G. Fontanellaz. 
(Tech.  Mitt. schweiz.  Telegr.-Telephl'erw., 
vol. 29, pp. 445-466; December 1, 1951. In 
German and French.) Report of tests made by 
the Swiss Post Office in conjunction with the 
C.C.I.F., complementary to the subjective 
measurements made previously by the latter 
body (1191 of June). The methods of measure-
ment are described; results are in satisfactory 
agreement with those obtained from the sub-
jective tests. 

ANTENNAS AND TRANSMISSION LINES 

621.392.09:621.392.26  2704 
On the Excitation of Surface Waves - -G. 

Goubau. (PRoc. IR E., vol. 40, pp. 865-868; 
July, 1952.) A theoretical proof is given of the 
existence of surface waves. The 'complete solu-
tion of the field equations for cylindrical sur-
face waveguides includes terms corresponding 
to the surface wave and to supplementary 
fields; these are separable by means of certain 
orthogonality relations. The amplitude of the 
surface wave excited by a dipole or other source 
can be determined without solving the entire 
excitation problem. 

621.392.121 2705 
Etched Sheets serve as Microwave Com-

ponents—R. M. Barrett. (Electronics, vol. 25, 
pp. 114-118; June, 1952.) 1 he flat-strip trans-
mission line has the advantages of a coaxial 
line and a form factor suited to the printed-
circuit technique. The characteristic impedance 
of the line is a function of the width of the cen-
tral strip. A plot of the field distribution in 
such lines shows that the field is largely con-
centrated near the inner strip, and no energy 
is propagated laterally. A practical method of 
feeding the line from a coaxial system is to 
insert a normal N-type connector between the 
edges of the dielectric. All conventional micro-
wave components such as hybrid junctions, 
directional couplers, power-division networks 
and filters are readily manufactured by the 
technique. When losses due to a continuous 
dielectric sheet are too high, or when high 
power is used, a compensated stub-supported 
transmission line is useful. 

621.392.22  2706 
Determination of Conditions for Integrat-

ing the Equations of Propagation of Electricity 
along a Heterogeneous Line —M.  Parodi. 
(Compt. Rend. Acad. Sci., (Paris), vol. 234, 

pp. 1674-1676; April 21, 1952.) Solutions are 
obtained by an iterative process for the dif-
ferential equations of steady-state propagation. 

621.392.26  2707 
The Impedance of Unsymmetrical Strips 

in Rectangular Waveguides —L. Lewin. (Proc. 
I EE, Part IV, vol. 99, pp. 168-176; July,' 
1952.) Full paper. See 2434 of October. 

621.392.26  2708 
Single- and Multi-Iris Resonant Struc-

tures —I. Reingold, J. L. Carter and K. Garoff. 
Puoc. IR E., vol. 40, pp. 861-865; July, 
1952.) An experimental investigation was made 
of the effect of varying the position of a rec-
tangular window in a thin transverse diaphragm 
in a waveguide. The Q of a window of given 
dimensions is increased as the distance of the 
window from the broad wall of the waveguide 
is decreased. Low-Q multiwindow structures 
can be obtained in which the Q of the individ-
ual windows is comparatively high. 

621.392.26:517.932 2709 
Generalized Telegraphist's Equations for 

Waveguides---s. A. Schelkunoff. (Bell Syv. 
Tech. Jour., vol. 31, pp. 784-801; July, 1952.) 
"Maxwell's partial differential equations and 
the boundary conditions for waveguides filled 
with a heterogeneous and nonisotropic medium 
are converted into an infinite system of ordi-
nary differential equations. This system repre-
sents a generalization of 'telegraphist's equa-
tions' for a single-mode transmission to the 
case of multiple-mode transmission. A similar 
set of equations is obtained for spherical waves. 
Although such generalized telegraphist's equa-
tions are very complicated, it is very likely that 
useful results can be obtained by an aprro-
priate modal analysis." 

621.392.26:538.614 2710 
Faraday Rotation of Guided Waves- H. 

Sulil and L. R. Walker. (Phys. Rev., vol. 86, 
pp. 122 -123; April 1, 1952.) An extension of 
the theory of Faraday rotation to include the 
case of transmission in a bounded waveguide 
system, as opposed to that of propagation in an 
unbounded medium, for which the theory al-
ready exists. A modified Verdet's constant, ap-
propriate to waveguide transmission, is de-
rived. See also 2911 of 1951 (Goldstein et al.), 
1233 of June (Hogan) and 1587 of July (Wicher). 

621.392.26:621.314.25.088 2711 
Errors in a Microwave Rotary Phase 

Shifter—A. J. Simmons. PROC. IR E., vol. 
40, p. 869; July, 1952.) A discussion of the 
effect of nonlinearity of the phase-shift/rota-
tion characteristic on the performance of the 
adjustable waveguide phase changer described 
by Fox (1255 of 1948.) 

621.392.26:621.392.52 2712 
The Calculation of the Dispersion in a 

Waveguide Filter with,Slot Couplings—G. N. 
Rapaport. (Zh. Tekh. Fiz., vol. 21, pp. 1076-
1086; September, 1951.) Discussion of propa-
gation of waves in a cylindrical waveguide 
divided into sections by partitions with annular 
slots. The field inside each section is expanded 
in series with respect to the characteristic func-
tions of the closed cylindrical resonator. l'sing 
the continuity of the magnetic field and the 
flux of the Umov-Poynting vector through the 
slot, equations are derived determining dis-
persion and the electric field of the slot. The 
spectrum of the frequencies passed by the filter 
is considered and also the relation between the 
bandwidth and the width of the slots. 

621 .392 .43:621.385.029.6:621.396.65  2713 
Impedance Matching of a Travelling- Wave 

Valve [Type M81 to a Waveguide. —Chavance 
and L. N1outte. (See 2940). 

621 .392 .43 :621.385.029.6:621.396.65  2714 
Impedance Matching of Travelling- Wave 

Valves [Types M8 and MIllj to Coaxial Lines — 
Clostre and Wallauschek. (See 2939.) 
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621.396.67  2715 
Cylindrical Aerials—B. Storm. (Wireless 

Eng., vol. 29, pp. 174 176; July, 1952.) A new 
method of solving Halien's integral equation 
for the current in an antenna is presented which 
is simpler and moll direct than the Ha!Urn-
King iteration method. The current is deter-
mined as the sum of ., dominant sinusoidal cur-
rent and a series or higher harmonics corre-
sponding to a trigonometric series, which are 
integrated term by term, giving a series of 
stu n s of Si and Ci functions. Theoretically it is 
possible to calculat- the antenna current and 
impedance with gr. at accuracy. The amount 
of labor increases with the number of points 
considered along • he antenna, but no new 
mat hematical diffic lties are encountered. Five 
points give sufficii it accuracy for most prac-
tical cases. Calculti•ed results for a X/2 dipole 
awl a X dipole are ( )mpareci with 1st-order and 
2nd-order calculati ,ns by King. 

621.396.67 2716 
The Absorption: Gain and Back-Scattering 

Cross-Section of the Cylindrical Antenna — 
s II. Dike and D. I). King. (Pnoc IR E., 
vol 40, pp. 853- o0; July. 1952.) The method 

(2763 c)i 1939) as modified by Mid-
dleton and King 1771 of 1946) is used to de-
rive first-order formulas for the gain and back-
s( attiring cross-section of a receiving dipole 
.1: ratIged broadside on. Calculated values are 
comp.,red with values obtained from measure-
111 , 11t S on unloaded and on matched-loaded 
,Iirioles; explanations are advanced for the dis-
, repancies found. 

621.396.67 2717 
A Slot Aerial with Directing Elements — 
. I. Levin. (Zh. Tekh. Fiz., vol. 21, pp. 795-

.,,l; July, 1951.) In order to increase the di-
I • ! ivity of a slot antenna a passive dipole is 

l in front of the slot. The theory of such a 
sy ,tem is discussed. 

621.396.67 2718 
Derivation of the Fundamental Equation of 

the Theory of Slot Aerials —M. L. Levin. (Zh. 
T•kh. Fiz., vol. 21, pp. 787-794; July, 1951.) 
"I he voltage distribution along a narrow slot 
on in a thin conducting surface is derived from 
t he theory of metal antennas. 

621.396.67:621.392  2719 
Multiple Reflections in Long Feeders--

1.. Lewin. (Wireless Eng., vol. 29, pp. 189-193; 
July, 1952.) The signal distortion produced by 
reflections at many points along a mismatched 
w.,veguide feeder is analyzed in terms of har-
monic content for a single-tone signal, and in 
terms of interchannel interference in the case of 
a multichannel source. Such distortion is 
negligible for short feeders, but dominant for 
long ones. Measurements on a 120-ft feeder, 
made up of 10 foot sections, confirm the inco-
herent nature of the reflected waves. Consider-
able improvement in transmission should re-

: sult from reduction of reflections at waveguide 
joints. The use of long sections on very long 
runs is desirable. 

621.396.67:621.392.26  2720 
On the Theory of Slot Aerials in a Circular 

Waveguide —M. L. Levin. (Zh. Tekh. Fiz., 
vol. 21, pp. 772-786; July, 1951.) Results ob-
tained by Pistol'kors (1266 and 1267 of 1948) 
for the radiation from transverse slots are 
shown to be erroneous; correct formulas are 
derived. 

621.396.67:621.392.26: 538 .221  2721 
Microwave-Antenna Ferrite Applications — 

N. G. Sakiotis, A. J. Simmons and II. N. Chait. 
(Electronics, vol. 25, pp. 156-166; June, 1952.) 
For general radar scanning purposes an axial 
dc magnetic field is applied to a ferrite-cored 
transmission line, the variation of permeability 
effecting a phase shift of the circularly polarized 
Input. The nonreciprocitY of the simple system 
for transmission and reception is overcome with 

a combination of ferrite cylinders; by eliminat-
ing a 45 ° phase-shift element at one end the 
system can be used as a TR switch. Phase 
shift per unit length of a ferrite rod is a func-
tion of the length, increasing as the length 
increases, due to the change in the demagneti-
zation factor. 

621.396.671  2722 
Input Impedance of Horizontal Dipole 

Aerials at Low Heights above the Ground — 
R. F. Proctor. (Proc. IR E. (Australia), vol. 
13, pp. 58-61; February, 1952.) Reprint. See 
2134 of 1950. 

621.396.671:537.311.5:538.569  2723 
On the Current Induced in a Conducting 

Ribbon by the Incidence of a Plane Electro-
magnetic Wave —E. B. Moullin and F. M. 
Phillips. (Proc. IRE (London), Part IV, vol. 
99, pp. 137-150; July, 1952.) Full paper. See 
2441 of October. 

621.396.676  2724 
The Slot Aerial and its Application to Air-

craft —R. H. J. Cary. (Proc. 1EE (London), 
Part III, vol. 99, pp. 187-196; July, 1952. Dis-
cussion, pp. 210-213.) Measurements on (ull-
scale and model aircraft show that the types of 
polar diagram frequently required for aircraft 
can be obtained with slot antennas, for which 
there is some agreement between measured 
polar diagrams and those calculated from ray 
and diffraction theories. Exact diagrams must 
be determined experimentally, since aircraft 
do not have simple shapes which permit ac-
curat.. calculation. The installation of slots for 
metre or shorter wavelengths presents little 
difficulty, but their application for longer 
waves depends on what can be achieved in 
matching devices and on the limit of possible 
modification of aircraft structure. 

621.396.676  2725 
A Survey of External and Suppressed Air-

craft Aerials for Use in the High-Frequency 
Band —R. H. J. Cary. (Proc. 1FE, Part III, 
vol. 99, pp. 197-210; July, 1952.) Discussion, 
pp. 210-213.) The characteristics of external 
wire antennas are compared with those of 
"suppressed" antennas within the aircraft skin. 
Some of the latter type have performances 
which compare favorably with those of ex-
ternal wire types and in some respects have 
better electrical characteristics. In particular, 
folded or near-end-fed antennas, or those which 
involve an insulated stabilizer unit, have a 
large bandwidth and are reasonably efficient. 
The impedance characteristics of some of the 
suppressed antennas render them suitable for 
frequencies lower than the Id band. Methods 
of excitation for suppressed antennas are dis-
cussed. Measurements of the characteristics of 
aircraft antennas are most economically carried 
out on scale models. 

621.396.677  2726 
Radiation Field of a Square Helicai Beam 

Antenna-11. L. Knudsen. (Jour. App!. Phys., 
vol. 23, pp. 483-491; April, 1952.) Rigorous 
formulas are derived for the field of an antenna 
with a uniformly progressing current wave of 
constant amplitude; these are compared with 
the Kraus approximation (643 and 1860 of 
1949) for a circular-helix antenna. The two 
methods of calculation give results in fair agree-
ment, the rigorous formulas being simpler and 
of direct application to the square helices often 
used in the metre-wave band. See also 1844 of 
1951. 

621396.677  2727 
Waves in a Pyramidal Horn—E. G. Zelkin. 

(Zh. Tekh. Fiz., vol. 21, pp. 1228-1239; Oc-
tober, 1951.) A theoretical investigation in 
which simplification is introduced by consider-
ing an approximation to the pyramidal horn 
consisting of a biconical sector with two addi-
tional walls (Fig. 1). The walls of such a horn 
coincide with the co-ordinate surfaces of a 

spherical system. The propagation of waves 
and the configuration of the field inside this 
horn is discussed. The polar diagram is also 
considered. 

621.396.677.3.012t  2728 
Design Data for Horizontal Rhombic An-

tennas—E. A. Laport. (RCA Rev., vol. 13, 
pp. 71-94; March, 1952.) A method is described 
which greatly simplifies design calculations. 
Using tables which give the spherical co-ordi-
nates for all radiation-pattern lobes up to those 
of the sixth order, the performance of a hori-
zontal rhombic antenna over a range of fre-
quencies can easily be investigated. The com-
plete radiation pattern is then determined 
from stereographic charts of the type suggested 
by Foster (119 of 1938). A set of 13 transparent 
charts for leg lengths of 2-7X covers the usual 
practical range. 

621.396.679  2729 
Design  of  Optimum  Buried-Conductor 

R.F. Ground System —F. R. Abbott. (Paoc. 
I.R.E. vol. 40, pp. 846-852; July, 1952.) Design 
formulas and charts are presented for a radial-
conductor earthing system particularly suit-
able for operation at frequencies below 1 mc 
and leading to antenna radiation efficiencies of 
50 per cent or more. 

CIRCUITS AND CIRCUIT ELEMENTS 

621.3.015.7:621.387.4  2730 
Millimicrosecond-Pulse Techniques —N. F. 

Moody, G. J. R. Maclusky and M. 0. Deigh-
ton. (Electronic Eng., vol. 24, pp. 214-219, 
287-294 and 330-333; May-July, 1952.) A re-
port of experimental work in the development 
of pulse circuits, particularly for laboratory 
measurements. Particular attention is given 
to circuits using secondary-emission pentodes. 
Descriptions are included of oscillographic 
equipment for viewing rapidly repeated wave-
forms, and of devices for expanding pulses on 
an analogue principle. Application of the tech-
niques to the study of short nuclear half-lives 

is discussed. 

621.314.3t  2731 
Compensating for Quiescent Current in 

Multistage Magnetic Amplifiers —A. S. Fitz-
gerald. (Elec. Eng., vol. 71, pp. 206-211; 
March, 1952.) Essential text of 1952 
Winter General Meeting paper. Three differ-
ent compensation circuits are discussed and a 
fourth circuit, designed to combine the best 
features of the others, is described. This in-
cludes, in addition to the single saturable re-
actor with the usual ac and dc windings, a 
transformer and two resistors. 

621.314.3t  2732 
Improvements extend Magnetic-Amplifier 

Applications —F. Benjamin. (Electronics, vol. 
25, pp. 119-123; June, 1952.) The characteris-
tics of modern core materials and rectifiers are 
noted and their bearing on magnetic-amplifier 
performance is discussed. 

621.316.726:621.396.615.141 .2 2733 
Frequency Control of Modulated Magne-

trons by Resonant Injection System—h. L. 
Koros. (RCA Rev., vol. 13, pp. 47-57; March, 
1952; Proc. NEC (Chicago), vol. 7, pp. 39-45; 
1951.) Two systems are described by which the 
output frequency f,,, of a modulated magnetron 
can be crystal-controlled. "Pushing" and "mod-
ing" are thereby suppressed and the carrier 
can be modulated 100 per cent with high fidel-
ity. In one system the crystal drive excites the 
input cavity of a grounded-grid frequency 
doubler at a frequency f,,,/2; the anode cavity, 
tuned to  is coupled to the magnetron output 
which is adjusted for correct loading. In the 
second system the injection frequency for the 
magnetron is a subharmonic of f.; in a particu-
lar case the anode cavity of the multiplier was 
to f,,,/2, the crystal-drive frequency being f„,/6. 
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621.316.726.078.3:621.396.615  2734 
The Attainment of Very High Frequency 

Stability —W.  Ilerzog.  (Arch.  dela.  ber-
tragung, vol. 6, pp. 159-162; April, 1952.) Meth-
ods are indicated for improving the Q of the 
feedback circuits of various well-known oscil-
lators by the inclusion of a compensating re-
sistance. 

621.316.729:621.396.615.072.9  2735 
Representation of Oscillator Synchroniza-

tion by Nonlinear Equation —A. Blaquiere. 
(Compl. Rend. Acad. Sci. (Paris), vol. 234, 
pp. 1741-1743; April 28, 1952.) Theory pre-
viously given (335 of March) is extended to the 
study of forced oscillations, and the limits of 
synchronization are determined by considera-
tion of a diagram in the complex plane. A 
method  for  investigating  synchronization 
stability is outlined. Application of the graph-
ical treatment to the van der Pol equation has 
given all the results established by other 
methods by van der Pol. 

621.316.84: 539.23  2736 
Metal-Film  Resistors —R.  J.  Heritage. 

(Electronic Eng., vol. 24, pp. 324-327; July, 
1952.) The production of such resistors by 
chemical reduction, evaporation, sputtering, 
or firing-on methods is discussed briefly. The 
firing-on process appears to be the most suit-
able for mass-production methods; the tech-
nique is described and examples are shown of 
various practical types. 

621.316.86 : 546.281.26  2737 
Industrial Applications of Semiconductors: 

Part 2—Silicon Carbide Resistors —R. W. Sill-
ars. (Research (London), vol. 5, pp. 169-175; 
April, 1952.) The manufacture and properties 
of SiC resistors of different types are described, 
and their applications for overvoltage protec-
tion, voltage discrimination in communication 
circuits, voltage regulation etc., are considered. 
Conduction in n- and p-type SiC, and barrier-
layer effects, are discussed. 

621.318.57  2738 
Switching Action in Circuits including 

Valves —W. Taeger. (Funk u. Ton, vol. 6, 
pp. 198-201; April, 1952.) Analysis of effects 
in circuits such as that of a pentode with a 
choke and resistor in the anode lead. The time 
required to reach the tube saturation current 
is the shorter the lower the value of the satura-
tion current and the less the resistance in the 
anode circuit. 

621.318.572:681.142  2739 
Universal High-Speed Digital Computers: 

Serial Computing Circuits —Williams, Robin-
son and Kilburn. (See 2839.) 

621.319.4  2740 
R.F.  Characteristics  of  Capacitors —R. 

Davidson. (Wireless World, vol. 58, pp. 301-
304; August, 1952.) Examination of the induct-
ance and other properties of different types of 
capacitor used for decoupling and interference 
suppression. 

621.319.43  2741 
Profile  Calculation  for  Rotary  [plate] 

Capacitors —O. Schmid. (Frequens., vol. 6, 
pp. 105-107; April, 1952.) A general formula 
relating the plate shape and insertion angle is 
given and applied to the types with linear 
variation of (a) capacitance, (b) wavelength, 
(c) frequency, and with logarithmic variation 
of capacitance with insertion angle. 

621.392.5:512.31  2742 
Network  Synthesis  using  Tchebycheff 

Polynomial Series —S. Darlington. (Bell. Sys. 
Tech. Jour., vol. 31, pp. 613-665; July, 1952.) 
"A general method is developed for finding 
functions of frequency which approximate as-
signed gain or phase characteristics, within 
the special class of functions which can be 
realized exactly as the gain or phase of finite 

networks of linear lumped elements. The 
method is based upon manipulations of two 
Tchebycheff polynomial series, one of which 
represents the assigned characteristic, and the 
other the approximating network function. 
The wide range of applicability is illustrated 
with a number of examples." 

621.392.5:537.228.1  2743 
Piezoelectric Transducers for Ultrasonic 

Delay Lines —II. N. Beveridge and \V. W. 
Keith. (Ptioc. IR E., vol. 40, pp. 828-835; 
July, 1952.) "The over-all frequency response 
and loss of the transducers of a delay line are 
derived from Roth's equivalent circuit 13021 
of 19491. The transient response of a delay line 
is computed from an equivalent transmission-
line circuit. The bandwidths and transient 
responses measuret1 on practical delay lines 
are given for comparison with theoretical 
values." 

621.392.5:621.385.3:512.83  2744 
Matrix  Theory  applied  to  Thennionic 

Valve Circuits—S. R. Deards. (Elertronie Eng., 
vol. 24, pp. 264-267; June, 1952.) Extension of 
linear-quadripole theory to include tubes as 
network elements. The method is illustrated by 
analysis of a cat hode-follower circuit. 

621.392.5.029.3:621.3.012.3  2745 
The Prediction of Audio-Frequency Re-

sponse: No. 3—Single Complex Impedance in 
Resistive Network—N. II. CrowIturst. (Elec-
tronic Eng., vol. 24, pp. 241-243; May, 1952.) 
Formulas and charts are given for computing 
the response of networks with series or shunt 
complex impedances. No. 2: 1540 of July. 

621.392.5.029.3: 621.3.012.3  2746 
The Prediction of Audio-Frequency Re-

sponse: No. 4—Step Circuits —N. II. Crow-
hurst. (Electronic Eng., vol. 24, pp. 337-339; 
July, 1952.) Circuits using a single reactance to 
produce a step in the amplitude response are 
discussed and basic and practical typos are 
shown. Charts are provided from which the 
amplitude and phase response can be found. 
Numerical examples illustrate their use. No. 3: 
2745 above. 

621.392.52  2747 
Elementary Introduction to Filtrer Theory 

—C. Wisspeintner. (Funk u. Ton, vol. 6, pp. 
29-40, 89-97, 141-153 and 202-213; January-
April, 1952.) A practical treatment based on 
vector diagrams. The various types of filter 
are considered in turn, starting with low-pass 
filters, and phase relations and the effect of 
circuit losses are discussed. 

621.392.52  2748 
Construction of Band-Pass Filters from 

Basic Elements —W.  Nonnenmaclier.  (Fre-
quenz, vol. 6, pp. 107-113; April, 1952.) De-
tailed treatment of the transmission properties 
of various basic circuits and their use in the 
construction of band-pass filters with symmet-
rical and  with  asymmetrical  transmission 
curves. Rumpelt's template method of filter 
design (729 of 1943) is explained. 

621.392.52  2749 
Some Considerations in the Design of a 

Miniature Filter-Transformer —T. T. Brown. 
(Marconi Rev., vol. 15, pp. 90-94; 2nd Quarter 
1952.) Means of attenuating upper and lower 
frequencies in audio circuits are discussed, with 
reference to miniature airborne equipment. 
The design of a filter unit is described which in-
cludes the input transformer as an integral 
part and has a voltage step-up of 12:1 within 
ldb from 300 cps to 5 kc, and an attenuation 
slope of over 24 dg per octave outside these 
limits. It is mounted in a can 2 X 1.6.X 1.2 inches. 

621.392.52:517  2750 
Some Problems in the Analysis of Curves 

by  Calculus Methods —M.  Levy.  (Gonad. 
Jour. Phys., vol. 30, pp. 147-158; March, 

1952.) A discussion of transform methods in 
relation to filter theory. The process considered 
consists of performing combinations of arith-
metical operations on t he successive ordinates 
of the curve representing a signal function; 
it is inherently frequem•y selective. One prob-
lem is to find combinat iris of only a few opera-
tions yielding pass-band selectivity; the second 
problem is, whether t he !omits of the analysis 
are unique. Considerat ion is given first to con-
tinuous transforms, yid.lug integrals, and then 
to discontinuous transt,n ins, yielding su ms and 
differences. 

621.392.52:518.4  2751 
New Graphical Methods for Analysis and 

Design U.  R.  Schin•id.•r.  ( Virele.ss  Eng., 
vol. 29, pp. 194-195; July, 1952.) Comment on 
paper noted in 1546 of July (Saraga and Fos. 
gate), calling attention to similar methods of 
determining filter insertion loss described in 
1939 by Piloty (46 and 9.59 of 1940). 

621.392.52:534.11-18  2752 
A Band-Pass Mechanical Filter for 100 

kc/s--L. L. Burns, Jr. (RCA Rev., vol. 13, 
pp. 34 -46; March, 1952.) 'Hie filter is a develop-
ment of the neck-type design previously de-
scribed (59 of 1950 (Roberts and Burns)1. 
It comprises eight A/2 rods of Ni-Span C 
coupled by thin steel A/4 necks silver-soldered 
to the rods. The terminations are lossy lines 
consisting of 5-foot lengths of rubber-coated 
Cu wire coiled on I-inch formers. Two separate 
compartments are provided in the chassis to 
isolate the magnetostriction input and output 
circuits. The filter response compares favor-
ably with that of a 3-section quartz-crystal 
filter. The insertion loss of the filter alone is 
about 8 (lb. Design procedure is described in an 
appendix. 

621.392.52:621.396.611.3:621.396.621.54 2753 
The Calculation of Coupled H.F. Band-

Pass Filters comprising Any Number it of 
Circuits with Equal  Q Factor— W. Most. 
(Arch. elekt. Nertragung, vol. 6, pp. 135-142; 
April, 1952.) A previous paper by Behling 
(380 of 1947) gives the calculation for a four-
circuit filter. In the method now described a 
multi-circuit filter is reduced by successive 
steps to more elementary forms whose input 
admittances are simply evaluated. Formulas 
are established also for the voltage transfer, 
efficiency and selectivity. 

621.396.6  2754 
New Techniques for Electronic Miniaturi-

zation —R. L. Henry, R. K. F. Scal and G. 
Shapiro. (Proc.  I.R.E. (Australia), vol. 13, 
pp. 75-81; March, 1952.) Reprint. See 307 of 
1951. 

621.396.6 : 621.317.755  2755 
Slow-Speed Circular . Timebase —A.  M. 

Ilardie and P. A. V. Thontas. (Wireless Eng., 
vol. 29, pp. 177-183; July, 1952.) Two methods 
of cro display in polar form, in correct phase 
relation with reference to a rotating member, 
are described. In the first method, currents 
proportional respectively to sin 0 and cos 0 
are derived from an af oscillator in conjunction 
with an Admiralty magslip transmitter and 
applied to the deflection coils of cro with a 
central deflecting electrode sealed through th 
tube face, to produce a constant rotating mag-
netic field. A method of correcting the effect 
of spurious phase shifts in this system is de-
scribed. The second method makes use of a 
specially designed sine-cosine potentiometer, 
full details of which are given, in conjunction 
with a normal es cr tube. 

621.396.611.1:517.51  2756 
Resonant Circuit with Periodically Varying 

Parameters---D. G. Tucker: P. Bura and D. M. 
Tombs. (Wireless Eng., vol. 29, pp. 222-224; 
August. 1952.) Discussion of paper abstracted 
in 2471 of October. 
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2 1.396.611.21  2757 
Note on Safe Resonator Current of Piezo-

lectric Elements—I  J. Post. (Paoc. I.R.E., 
40, p. 835; July, 1952.) Values of the opti-

III  current for commonly used quartz cuts 
t stbulated. 

..1.396.615.17  2758 
Some New M iltivibrators —Chang Sing 
Chu Yao-I. (1 earonic Eng., vol. 24, pp. 
271; June, 19.52.) Circuits and waveforms 
-hown for mod fled multivibrators in which 
titors are inse ted between cathodes and 
,p, the dc path i being completed by resist-
onnecting catl.ode to grid. 

: .396.615.17:621.317.755  2759 
Feedback in Time-Base Circuits —A. E. 
ason. (Electronic Eng., vol. 24, pp. 280-
. June, 1952.) A comparison of the Miller 
. constant-current-pentode timebase cir-

' .396.645  2760 
Distributed Amplification —R. W. A. Scarr: 
ormack. (Electronic Eng., vol. 24, p. 295; 
. 1952.) Comment on 2167 of September 
ut hors reply. 

.396.645  2761 
Heater-Voltage Compensation for Alternat-
-Current Amplifiers —N. W. Broten. (Paoc. 
E., vol. 40, pp. 843-845; July,  1952.) 
,ttions of gain due to heater-voltage varia-
-3 are reduced by means of a dc feedback 
ark. The design procedure is indicated, 
a comparison is made of the results of 
-mrements on (a) a compensated and (b) 
.ncompensated wide-band IF amplifier for 
• ttion at 30 mc. 

396.645.015.3  2762 
Calculating Transient Response —T. Rod-
1. (Wireless World, vol. 58, pp. 292-295; 
_list, 1952.) (Description of a simplified 
hod of compounding frequency and phase 
iacteristics and applying a superposition 
•Iciple based on trapezoidal response curves. 

1.396.645.211  2763 
Theory of the Resistance-Coupled Ampli-
r -R. ROcklin. (Arch. elekt. Ubertragung, 
. 6, pp. 163-170 and 198-205; April and 
,y, 1952.) By plotting against normalized 
[Itiency and introducing the concept of 
ildwidth factor, amplification and phase 
.gle of all possible resistance-coupled ampli-
i are represented by a single family of 
ryes. The noise voltage at the output is 
-dilated as an integral which has a closed 
;i talon. On replacing I by the normalized time 
I in the equations representing the output 
dtage, functions of general applicability are 
btained; these are used to find the form of the 
I ittput voltage for any input, in particular for 
' :iangular pulses. The optimum frequency re-
iponse is determined for separating triangular 
l[ulses of given duration from background noise. 
11uild-up transients are treated by splitting 
:lie step-function response into a step-voltage 
mplification and a decay function, the latter 
(fording a criterion for the amplifier distor-
ion. The decay function is calculated for an 
mplifier with feedback via the supply battery. 

.21.396.645.371  2764 
Negative-Feedback Amplifiers. Overload-

rig under Pulse Conditions —J. E. Flood. 
lWireless Eng., vol. 29, pp. 203-212; August, 
952.) "The overloading of simple resistance-
oupled negative-feedback amplifiers is investi-
:ated for an input signal which rises from zero 
; 0 its final value at a uniform rate. The ampli-
iers are assumed to be linear unless the ap-
plied signal exceeds the permitted value. For 
he single-stage amplifier, the permissible in-
put voltage decreases as the rise time of the 
ignal is reduced. Two-stage and three-stage 
ritically damped amplifiers can be made to 
andle quickly changing signals which are as 

large as the maximum permissible slowly chang-
ing signal, provided that the time-constant of 
the first stage of the amplifier is sufficiently 
large compared with that of the second stage. 
Overloading of the amplifier by step voltages 
and by sinusoidal signals is studied in appen-
dices." 

621.385: [621.396.621 + 621.396.645  2765 
Electronic Valves: Book V—Application of 

the Electronic Valve in Radio Receivers and 
Amplifiers; Vol. 2—A.F. Amplification, the 
Output Stage, Power Supply. [Book Review] — 
B. G. Dammers, J. Haantjes, J. Otte and H. 
van  Suchtelen.  Publishers:  Cleaver-Hume 
Press, London, 431 pp., 45s. (Wireless Eng., 
vol. 29, pp.  197-198;  July,  1952.) "The 
authors have chosen to make it almost a text-
book of broadcast receiver practice and have 
succeeded admirably in doing so." See 991 and 
2888 of 1950 for previous books in this series. 

GENERAL PHYSICS 

530.12:530.145.6  2766 
The Relativistic Relations between Fre-

quency, Wavelength,  Phase  Velocity and 
Group Velocity —J. L. Synge. (Compt. Rend. 
Acad. Sci. (Paris) vol. 234, pp. 1669-1670; 
April 21, 1952.) Formulas established by de 
Broglie (76 of 1948) are here derived from con-
siderations of relativistic invariance. 

530.12:538.3  2767 
The Physics of the Electromagnetic Uni-

verse —B. Jouvet. (Compt. Rend. Acad. Sci. 
(Paris), vol. 234. pp. 1532-1534; Apri1,7, 1952.) 
Discussion of the significance of changes of 
co-ordinates of the electromagnetic universe, 
leading to a fundamental principle of electro-
magnetic relativity; the experimental conse-
quences are indicated. 

534.26+535.43  2768 
Multiple Scattering of Radiation by an 

Arbitrary Planar Configuration of Parallel 
Cylinders and by Two Parallel Cylinders — 
Twersky. (See 2685). 

535.13:538.3  2769 
Is there an Aether?- L. Infeld: P. A. M. 

Dirac. (Nature (London), vol. 169, p. 702; 
April 26, 1952.) Comment on paper noted in 
1573 of July and author's reply. 

535.312  2770 
On the Theory of the Displacement of Rays 

in Total Internal Reflection of a Spherical 
Wave —L. M. Brekhovslcikh. (Zh. Tekh. Fiz., 
vol. 21, pp. 874-880; August, 1951.) A for-
mula (1) is quoted determining the displace-
ment of a beam along the boundary between 
the two media where the beam undergoes 
total reflection. This formula also applied to 
the case of a spherical wave. 

535.42  2771 
On the Diffraction of Cylindrical Electro-

magnetic Waves—N. V. Zernov. (Zh. Tekh. 
Fiz., vol. 21, pp. 1066-1075; September, 1951.) 
Diffraction at a circular aperture in an ideally 
conducting plane is considered. The boundary 
problem is reduced to an infinite system of lin-
ear algebraic equations which are solved by the 
reduction method. For an approximate calcu-
lation of the field it is sufficient to use only a 
few of the equations. A relation is established 
between the proposed method and the varia-
tion method of solving the same boundary 
problem. The problem can also be reduced to 
an integral equation of the second kind. 

537.226.3  2772 
The Dielectric Properties of Systems Con-

taining Straight Polar Chains—R. A. Sack. 
(Aust. Jour. Sci. Res., Sc,. A, vol. 5, pp. 135-
145; March, 1952.) Mathematical theory is 
developed which provides an explanation of 
the high losses at low frequencies observed in 
solids containing hydroxyl groups, and also of 

the low fiequency absorption in ionic crystals 
containing lattice imperfections. 

537.315:539.163.001.8  2773 
Study of the Distribution of Surface Poten-

tial by Means of Radioactive Deposits —T. 
Westermark and  L.  G.  E mail.  (Nature, 
(London), vol. 169, pp. 703-704; April 26, 
1952.) 

537.523.4  2774 
Observations on the Electrical Breakdown 

of Gases at 2800 Mc/s: Part 2—Relative 
Breakdown Stresses,  Statistical Lags and 
Formative Lags — W. A. Prowse and W. Ja-
sinski. (Proc. 1EE, Part IV, vol. 99, pp. 194-
203; July, 1952. Summary, ibid., Part III, 
vol. 99, pp. 215-217; July, 1952.) The forma-
tive time is found to be zero, within the limits 
of experimental error, for spark breakdown in 
air, N, 0 and H in all conditions examined, 
but is appreciable in Ne, Ar and He. Statistical 
time-lags are much greater in air and N than 
in 0 and H. The results are discussed with ref-
erence to the mechanism of breakdown. Part 
1: 650 of April. 

537.713  2775 
A Simple System of Dimensions in Elec-

trical  Engineering —M.  Eskenazi.  (Compt. 
Rend. Acad. Sci. (Paris), vol. 234, pp. 1673-
1674; April 21, 1952.) It is proposed to base di-
mensional equations on the system R, E, L, T 
(resistance, emf, length, time); this has the 
advantage over Tarboureich's system (696 of 
1947) that the fundamental magnitudes are all 
represented by commonly used material stand-
ards. 

538.3  2776 
Electromagnetic Energy Density and Flux— 

C. 0. Hines. (Caned. Jour. Phys., vol. 30, pp. 
123-129; March, 1952.) A comparison is made 
of the validity and usefulness of Poynting's 
theorem and of Macdonald's theorem; reasons 
are given for preferring the latter. Only non-
magnetic media are considered, though this 
restriction may not be necessary. 

538.56:537.525  2777 
Plasma Oscillations and Striations —G. V. 

Gordeev. (Comps. Rend. Acad. Sci., (U.R.S.S.), 
vol. 79, pp. 771-774; August 11, 1951. In 
Russian.) Previous investigators have estab-
lished a connection between the striations and 
one of the plasma waves. The method is ex-
tended, and striations are considered as a group 
of waves. Equations (9) and (15) are derived 
in which the group velocity and wave:ength 
of the almost monochromatic group of waves 
are related to the parameters of the discharge. 

538.56:537.525  2778 
Oscillations in a Discharge as a Source of 

Travelling Striations —A. A. Zaitsev. (Compt. 
Rend. Acad. Sci. (U.R.S.S.), vol. 79, pp. 779-
781; August 11, 1951. In Russian.) Oscillatory 
phenomena were studied in pure neon, in neon 
and argon with molecular impurities, and in 
air. A close connection between the traveling 
striations and the oscillations of potential in 
the discharge was observed. 

621.317.35:518.4  2779 
Graphical Method applicable to Harmonic 

Analysis and to Symbolic Calculus. —G. La-
ville. (Compt. Rend. Acad. Sci. (Paris), vol. 
234, pp. 1728-1730; April 28, 1952.) 

GEOPHYSICAL AND EXTRATERRESTRIAL 
PHENOMENA 

523.72+523.821:621.396.822  2780 
Electromagnetic Radiation produced by 

Electron Collisions in a Very Strongly Ionized 
Medium —B.  Kwa I . (Jour. Phys.  Radium, 
vol. 13, pp. 35-38; January, 1952.) The prob-
lem of cm emission on long wavelengths due to 
electron collisions, when the electrons have 
nonrelativistic velocities, cannot  be satis-
factorily treated from the quantum theory 
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point of view, and classical theory must be ap-
plied. In the case of ionic plasma, for radiation 
frequencies below a critical value 100 me for 
interstellar ionized regions and 10 kc for the 
solar corona) the emissions should have a con-
stant intensity, though propagation at these 
frequencies cannot take place unless the ad-
jacent region is one of lower density. For fre-
quencies sufficiently low with respect to the 
critical frequency, classical theory no longer 
holds. 

523.72:621.396.822  2781 
The Position and Movement on the Solar 

Disk of Sources of Radiation at a Frequency of 
97 mc s:Part 3—Outbursts  R. Payne-Scott 
and A. G. Little. (Aust. Jour. Sci. Res., Ser. 
A, vol. 5, pp. 32-46; March, 1952.) Observa-
tions indicate that initially the position of an 
outburst almost coincides with that of the ac-
companying flare, but the outburst moves 
rapidly toward, and sometimes off, the solar 
limb. Its displacentent is consistent with the 
assumption that the outburst is initiated by 
an agency, such as corpuscular streams, origi-
nating at the flare and moving outward with a 
velocity between 500 and 3,000 km. The 
polarization of the outbursts is discussed. Part 
2: 1902 of August. 

523.746:523.72  2782 
Reversal of Polarisation of Microwaves 

from Sunspots— U. C. Guha. (Indian Jour. 
Phys., vol. 25, pp. 8-16; January, 1951.) The 
reflection coefficients of the ordinary and the 
extraordinary waves are calculated for a bar-
rier with a parabolic distribution of ions. The 
results are applied to explain the observed re-
versal of the polarization of microwaves escap-
ing from sunspots. 

523.746 "1952.017.03"  2783 
Provisional Sunspot-Numbers for January 

to March, 1952 —M. 1Valdincier. (Jour. Geo-
phys. Res., vol 57, p. 310; June, 1952; Z. Met., 
vol. 6, p. 158; May, 1952.) 

523.78  2784 
The Total Solar Eclipse of February 25, 

1952 —R. 0.  Redman. ( Nature  (London), 
vol. 169, pp. 686-688; April 26, 1952.) A pre-
liminary report of the results of observations 
made in the Sudan by various groups of as-
tronomers and technicians, nearly all from 
Europe and the United States, during the 
eclipse. 

523.78  2785 
Combined Observations of the Total Eclipse 

of the Sun at Khartoum (Sudan) and of the 
Partial Eclipse observed by Radio-Telescope 
at Meudon, 25th February 1952 —M. Laffineur, 
R. Michard, J. C. Pecker, M. d'Azatnbuja, 
A. Dollfus and I. Atanasijevii.'. (Comp'. Rend. 
Acad. Sci. (Paris), vol. 234, pp. 1528-1530; 
April 7, 1952.) A brief account of the radio 
and optical equipment used and the measure-
ments made by the French expedition to 
Khartoum. In the middle of totality the in-
tensity of the radiation received on 550 mc 
was 19.5 per cent and on 255 mc was 30.5 per 
cent of that from the unobscured sun. At 
Meudon, the intensity of radiation received at 
the maximum of the partial eclipse was 83 per 
cent of that from the unobscured sun. 

523.78: 523.72  2786 
The Ellipsoidal Form of the Sun observed 

at Metre Wavelengths -E. J. Blum, J. F. 
Denisse and J. L. Steinberg. (Compt. Rend. 
Acad. Sci. (Paris), vol. 234, pp. 1597-1599; 
April 16, 1952.) Curves showing the variation 
of intensity of radiation received from the sun 
on 169 mc during the eclipses of 1st September 
1951 and 25th February 1952 are interpreted 
as indicating that the coronal radiation from 
the equatorial regions is greater than that from 
the polar regions, the radiation at this fre-
quency corresponding to that from a greatly 
flattened ellipsoid with nearly uniform bright-
ness. See also 1282 of June (Bosson et al.). 

523.78: 523.72 2787 
Khartoum Expeditions for Total  Solar 

Eclipse of February 25th, 1952 --M. K. My. 
(Observatory, vol. 72, pp. 63 -72; April, 1952.) 
Report of meetings held prior to the eclipse, 
with statements of the measurements planned 
by the various i eseai( Ii groups. Skeleton de-
scriptions are given of equipment for measure-
ment of solar rf radiation at wavelengths 8.5 
mm, 9.4 cm. 0.55 in and 1.17 in. 

523.85:621.396.822  2788 
Radio-Frequency Radiation from the Con-

stellation of Cyngus  J. II. Piddington and 
11. C. Minnett. 14 4. Jour. St i. Res., Ser. A, 
vol. 5, pp. 17-31; March, 1952.) Observations 
were made at frequencies of 1,210 and 3,000 nit-, 
using apparatus and methods described pre-
viously (1906 of August) At the lower fre-
quency two sources were ob,ei ved, one being 
the known radio star Cylign , A and the other 
a diffuse source or "ra.lio probabl y due 
to thermal emission horn b uds at 1,, iiized 

interstellar gas. Neil her of t hese soul, (•s os ob-
served at the higher frequencies. 

550.38 "1952.01/.03" 2789 
Indices of Geomagnetic Activity of the 

Observatories Abinger, Eskdalemuir and Ler-
wick, January to March 1952 -(Jour. A tmos. 
Terr. Phys., vol. 2, no. 4, pp. 256-258; 1952.) 
Three-hour K-indices are tabulated. 

550.38 "1952.01/.03" 2790 
Cheltenham Three-Hour-Range Indices K 

for January to March, 1952 --R. R. Bodle. 
(Jour. Geophys. Res., vol. 57, p. 310; June, 
1952.) 

550.385 "1951.10/1952.03" 2791 
Principal Magnetic Storms [Oct. 1951 - 

March 19521 --(Jour. Geophys. Res., vol . 57, 
pp. 311 -313; June, 1942. 

550.386 "1951.10/.12"  2792 
International Data on Magnetic Disturb-

ances, Fourth Quarter, 1951- -J. Bartels and 
J. Veldkamp. (Jour. Geophy.s. Res., vol. 57, pp. 
305-309; June, 1952.) 

551.311.234:621.317.335.3  2793 
The Effect of Moisture on the Electrical 

Properties of Soil- -A. Cownie and L. S. Pal-
mer. (Proc. Phys. Soc. (London), Vol. 65, pp. 
295-301; April 1, 1952.) Measurements of the 
permittivity of samples of soil containing 4.1-
47.7 per cent moisture were made at a fre-
quency of 430 mc, using a coaxial transmission 
line terminated by the sample under test. The 
permittivity increases with moisture content, 
the observed values ranging from 4.0 to 31.4. 
Comparison is made with the results of other 
investigators. 

551.510.41:546.214  2794 
Direct Measurements of the Vertical Dis-

tribution of Atmospheric Ozone to 70 Kilo-
meters Altitude—F. S. Johnson, J. D. Purcell, 
R. Tousey and K. Watanabe. (Jour. Geophys. 
Res., vol. 57, pp. 157-176; June, 1952.) Meas-
urements in rockets at White Sands, New 
Mexico, showed that the ozone concentration 
above 35 km height decreased approximately 
exponentially. 

551.510.535 2795 
The Dependence of Ionospheric Disturb-

ances on Local Time —J. M. Ardillon. (Compt. 
Rend. Acad. Sci. (Paris) vol. 234, pp. 1568-
1571; April 7, 1952.) Observations made at 
Poitiers and at Washington during 1949-1950 
are reported. The onset of a decrease of F2-layer 
critical frequency is never observed during the 
daytime. Comparison is made of the diurnal 
variation of this critical frequency for quiet 
and disturbed days by plotting the differences 
between mean values for the five quietest and 
five most disturbed days of the month. The 
curve exhibits minima at 0600 and 1800 hours, 
with a maximum between those times. These 

diurnal variations are more marked at the 
equinoxes than at other seasons. 

551.510.535 
On Negative Ions of Molecular Oxygen in 

the D Layer  I). It. Bates and IL S. W. Mas-
s('y. (Jour. Atmos. Terr. Phys., vol. 2, no. 4, 
pp. 253-254; 1952.) Note supplementary to 
paper abstracted in 983 of April. Original 2e7s9ti7- 
mates of the daytime ratio of negative ions to 
electrons may be too high. 

551.510.535 
Theory of Formation of an Ionospheric 

Layer below E Layer Based on Eclipse and 
Solar Flare Effects at 16 Kc s R. N. Brace-
well. (Jour. Atmos. levy. Phys., vol. 2, no. 4, 
pp. 226-235; 1952.) An anomaly in the height 
of reflection of steeply im ident 16-kc waves 
during the partial sofai e. ipsi- of 1949 and ob-
served effects of solar tlai es are incompatible 
with the theory that ietlection takes place 
from the bottom of a Chapman layer. An alter-
native mechanism is proposed which does not 
require that electron density be negligible com-
pared to the density of ionizable particles. 

551.510.535 2798 
The Effect of Collisions between Electrons 

on the Absorption of Radio Waves in the F-
Layer and in the Solar Corona V. I... Gins-
burg. (Zh. Tekh. Fiz., vol. 21, pp. 943 -947; 
August, 1951.) A mathematical discussion show-
ing that collisions between electrons do not 
contribute appreciably to the absorption of 
radio waves. 

551.510.535:523.745:525.624 2799 
Effect of Vertical Transport of Ions Caused 

by Solar Tides in F., Region —D. C. Choudhury. 
(Indian Jour. Phys., vol. 25, pp. 1-7; January, 
1951.) According to Martyn's theory (1053 of 
1949 and back references) there is a marked 
vertical drift of ions. If the drift velocity is 
represented by the relation v=v0e-ra cos (cot 
-1-45), the night-time Chapman distribution will 
be markedly affected even if electron reduction 
by recombination is negligible. Calculated re-
sults are in general agreement with observa-
tions if the value of 1, is about unity. 

551.510.535:523.78 2800 
Ionospheric Effects of Solar Eclipse at Sun-

rise, September 1, 1951 -1I. W. %Veils. (Jour. 
Geophys. Res., vol. 57, pp. 291-304; June, 1952.) 
Results obtained during the annular eclipse, 
which started before sunrise, show no evidence 
of any considerable ion production at any of 
the three observation stations until more than 
a third of the sun's disk was exposed during 
the recovery phase. Ion density increased 
rapidly about 15 minutes after maximum 
phase, and the high rate of increase, about 
double the normal rate, continued for half an 
hour after the end of the eclipse. 

551.510.535:525.624  2801 
The Calculation of the Probable Error of 

Determinations of Lunar Daily Harmonic Com-
ponent Variations in Geophysical Data: a Cor-
rection—S. Chapman. (A us!. Jour. Sci. Res., 
Ser. A, vol. 5, pp. 218-222; March, 1952.) 
Comment on 636 of 1950 (Tschu), indicating 
certain inaccuracies. 

551.510.535:550.385  2802 
The Morphology of Storms in the F2 Layer 

of the Ionosphere: Part 1—Some Statistical 
Relationships —E. V. Appleton and \V. R. 
Piggot. (Jour. Atoms. Terr. Phys. vol. 2, pp. 
236-252; 1952.) A statistical study is made of 
ionospheric storm phenomena at a number of 
stations. The phenomena show marked diurnal 
variations and for correlation purposes must be 
referred to local time. Sequences of storm 
events at auroral, temperate and equatorial 
latitudes are contrasted; in temperate lati-
tudes at least, such sequences are subject to 
seasonal variation. 
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51.510.535:621.396.11 2803 
Lunar Variations in P_-Region Critical 

requency at Singapore—Osborne. (See 2869.) 

51.510.535:621.396.11.029.45  2804 
An Explanation of Radio Propagation at 16 
S in Terms of Two Layers below E Layer — 

: N. Bracewell and \V. C. Bain. (Jour. /limos. 
,). Phys., vol. 2, pp. 216-225; 1952.) An 
Ti 'spheric model is propo-ed to explain ob-
'T veil features of propagation over distances 
tro km and 535 km. At a range of 90 km, a 
v,• is received by reflection from the upper 
I lie postulated layers. At a range of 535 km, 
'vt's reflected from both layers contribute to 
., total field, especially t In • wave reflected once 

the lower layer and those reflected more 
once from the upptr layer. Anomalous 
ts at distances of about 300 km from the 

.ti-mutter are explained by the proposed 

51.510.535(71)  2805 
Ionospheric Disturbalces in Canada—J. 
Meek. (Jour. Geoph s. Res., vol. 57, pp. 
190; June, 1952.) 4Vialysis of variations of 
• uion ionization ant: of abnormally high 
'rption of radio way -a in northern latitudes 
,ites that disturbances appear first in one 
of the auroral zon • and then move round 

• earth with the SUll for several days. The 
t of a disturbance is enhanced and extend 
• her south near cert in geographic latitudes. 
irnal and seasona characteristics of the 
•urbances are descr'bed. It is suggested that 
disturbances are connected with similar 
'magnetic disturbances and are due to a 
•low stream of sol ,r particles moving into 
i•art h's path. 

1.594.13 2806 
Electric Conducti‘ity and Small-Ion Con-

, ntration of the Atmosphere at One Metre 
',ove Ground, and Conductivity at Ground 
,•vel —G. A. O'Donnell. (Jour. Atmos. Terr. 
vs., vol. 2, pp. 201-215; 1952.) Results of 
.asurements at live locations within 120 
des of New York show that conductivity 
•lues at ground ley. I and at 1m are not equal, 
is their ratio constant. This applies to boils 

ilar and total cone activity. 

51.594.21  2807 
' Distribution of Electrical Conduction Cur-
, nts in the Vicinity of Thunderstorms—R. E. 
'leer and D. S. Saxon. (Jour. Geophys. Res., 
'1. 57, pp. 207-210; June, 1952.) 

51.594.22 2808 
Thunderbolts: The Electric Phenomena of 

hunderstorms—i.. Gold. ( Nature (London), 
.1 169, pp. 561-563; April 5, 1952.) Report of 
ussion at the Royal Astronomical Society, 

,a tiar3,- 1952. 

51.594.6:621.317.35  2809 
The Waveforms of Atmospherics—P. G. 

'. Caton and E. T. Pierce. (Phil. Meg., vol. 
pp. 393-409, April, 1952.) Convenient 

quipment and tt chnique for recording wave-
orms of atmospherics are described; a time 
esolution of 3us is achieved on photographs 
vith an exposure time of 20 ms. The results of 
.n extensive series of observations made at 
'ambridge, England, during the period 1947-
951 are present' d and analyzed. Both day and 
light conditions, all seasons of the year, and a 
vide range of distance of source of atmospheric 
100-4,000 km) were covered. A new and more 
omplete classification of atmospheric wave-
orms is derived and the characteristics of each 
ype are studied in relation to distance of ori-
;in. At night, the type of waveform observed 
lepends on the geographical location of the 
ource; for storms to the southwest, a transi-
ion in waveform type occurs at a distance of 
bout 1,600 kin, but no similar transition is 
,bserved for sources to the southeast. A critical 
liscussion is presented of the applicability of 
he theory of multiple ionospheric reflections 

to the various types of waveform, and of the 
accuracy with which the effective height of re-
flection and the distance of the source can be 
determined. Only a small proportion of at-
mospherics recorded, rarely more than 10 per 
cent, on any one night, give reliable values of 
reflection height and source distance. The re-
flection height is usually in the range 75-95 km. 
Photographs showing waveforms of the differ-
ent types of atmospheric are reproduced. 

LOCATION AND AIDS TO NAVIGATION 

621.396.9  2810 
Distance Measurement by Radar Tech-

nique —W.  Messerschmidt.  (Arch. Tech. 
Messen, no. 194, pp. 49-52; March, 1952.) 
Short descriptions of various methods, with 
discussion of the accuracy attainable. 

621.396.9 2811 
Circular Polarisation for C. W. Radar —J. 

F. Ramsay. (Marconi Rev., vol. 15, pp. 71-89; 
2nd Quarter 1952.) The simple properties of 
linearly, circularly and elliptically polarized 
waves are reviewed. A linearly polarized wave 
can be converted into a circularly polarized 
wave by resolving it into two equal orthogonal 
components and shifting the phase of one by 
90°. A phase shift of 180° simply rotates the 
plane of polarization. Practical devices for 
these purposes are called "circularizers" and 
"rotators" respectively. Several types are de-
scribed and illustrated, and their application 
to microwave antennas discuesed. Common T-R 
operation is achieved by incorporating a cir-
cularizer in the antenna and using orthogonal 
polarizations for transmitter and receiver. 
Mismatch in a system for circular polarization 
can result in elliptical polarization. Details of 
an experimental 10-cm cw radar antenna for 
common T-R operation are given. 

621.396.93:621.396.671  2812 
An Investigation of Polarization Errors in an 

H-Adcock Direction-Finder—F. Horner. (Proc. 
IEE (London), Part IV, vol. 99, pp. 229-240; 
July, 1952. Summary, ibid., Part III, vol. 99, 
pp. 223-225; July, 1952.) The polarization-
error characteristics of H-type Adcock direc-
tion finders for the vhf band and the upper 
part of the hf band are controlled to a large 
extent by resonance phenomena. Investigation 
of a vhf rotating system shows that the fre-
quencies at which large errors are liable to oc-
cur, and the magnitudes of the maximum errors 
can be calculated from the physical dimensions 
of the antenna system. The lowest resonance fre-
quency is that for which the product of antenna 
length and spacing is X2/20. A second resonance 
occurs when the spacing is X/2, and, if spacing 
and antenna length are about equal, a third 
resonance occurs for a spacing of 0.8 X. Three 
major causes of polarization errors are dis-
cussed and various methods of minimizing er-
rors are considered. 

621.396.933  2813 
A Multichannel Distance Measuring Equip-

ment for Aircraft—E. B. Mulholland. (Proc. 
IRE, (Australia), vol. 13, pp. 47-58; February, 
1952.) Description of radar equipment operat-
ing in conjunction with responder beacons at 
known locations on the ground. The aircraft 
set transmits pairs of pulses with a selected 
time interval; each beacon contains a discrim-
inator and responds only to pulses with a cer-
tain interval. A 12-channel system operating in 
the 200-230-mc band has been adopted as a 
standard for use on Australian airlines. 

621.396.933  2814 
The Civil Aeronautics Administration V.H. 

F. Omnirange —H. C. Hurley, S. R. Anderson 
and H. F. Keary. (Pnoc. I.R.E., vol. 40, p. 
860; July, 1952.) Correction to paper noted in 
1000 of May. 

621.396.933  2815 
Anticollision Radar for Commercial Flights 

— M. Hobbs. (Electronics, vol. 25, pp. 110-113; 

June, 1952.) Description of British equipment 
installed in high-speed jet aircraft for detecting 
thunderclouds and mountains. It operates on a 
3-cm wavelength with a peak power of 10 kw. 
The antenna is an 18-inch paraboloid, stabi-
lized gyroscopically, with beam angle 6°, angle 
of scan on each side of the aircraft is 75 °. Tests 
of the apparatus are described and the principle 
of the safety-circle technique is illustrated. De-
tails of the receiver circuits are noted. 

621.396.9  2816 
Leitfaden der Funkortung (Manual of 

Radio Direction Finding.) [Book Reviewl —W. 
Stanner and collaborators. Publishers: Elek-
tron-Verlag,  Garmisch-Partenkirchen,  1952, 
164 pp., 8 D M. (Fernmeldelech. Z., vol. 5, p. 
197; April, 1952.) A general treatment includ-
ing, in the longest and most interesting section 
of the book, an account of df developments in 
Germany and of British and American radar 
technique. 

MATERIALS AND SUBSIDIARY 
TECHNIQUES 

531.788.13  2817 
An  Automatically Controlled Knudsen-

Type Vacuum Gauge—C. N. W. Litting and 
W. K. Taylor. (Proc. IEE (London), Part IV, 
vol. 99, pp. 241-249; July, 1952.) Description 
of a gauge in which the pressure-dependent ra-
diometric force is balanced by an es force, the 
pressure being calculated from a measured volt-
age and the gauge dimensions. The various 
units of the instrument are described and also 
the method of calibration. Experimental results 
for N and Ar are in close agreement with theo-
retical values. 

534.321.9:534.22:546.74  2818 
Magnetically Induced Ultrasonic Velocity 

Changes in Polycrystalline Nickel—S.  J. 
Johnson and T. F. Rogers. (Jour. App!. Phys., 
vol. 23, pp. 574-577; May, 1952.) 

537.226 : 537.228.2 2819 
Electrostriction  Phenomena in  Ferro-

electric Ceramic Materials—G. A. Smolenski. 
(Zh. Tekh. Fiz., vol. 21, pp. 1045-1049; Sep-
tember 1951.) 

537.311.33  2820 
Industrial Applications of Semiconductors: 

Part  1—Semiconductors —H. K. Henisch. 
(Research  (London),  vol. 5, pp.  101-107; 
March, 1952.) A simple account of the char-
acteristic properties of these materials, with 
special reference to the physics of transistor 
action. 

537.311.33:546.289  2821 
Measurement of Diffusion in Semicon-

ductors by a Capacitance Method —K. B. 
McAfee, W. Shockley and M. Sparks. (Phys. 
Rev., vol. 86, pp. 137-138; April 1, 1952.) 

537.311.33:546.289  2822 
Diffusion of Donor and Acceptor Elements 

into Germanium—C. S. Fuller. (Phys. Rev., 
vol. 86, pp. 136-137; April 1, 1952.) 

538.221  2823 
The Magnetic and Electrical Properties of 

Ferrozcube Materials —J. J. Went and E. W. 
Gorter. (Philips Tech. Rev., vol. 13, pp. 181-
193; January, 1952.) Aspects discussed include 
the chemical composition and crystallographic 
structure in relation to the saturation magnet-
ization; the permeability and magnetic losses 
in weak and in strong fields; and the remark-
able dielectric properties. 

538.221  2824 
Ferrozdure, a Class of New Permanent 

Magnet Materials —J. J. Went, G. W. Rathe-
nau, E. W. Gorter and G. W. van 06sterhout. 
(Philips Tech. Rev., vol. 13, pp. 194-208; 
January, 1952.) Ferroxdure is the name given 
to a class of magnetically hard oxidic ceramics, 
and especially to one consisting mainly of 
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BaFe11019. This has hexagonal crystal structure 
with one axis of easy magnetization, resulting 
in a high value of coercive force together with 
rather low remanence and saturation magneti-
zation; the relation between structure and mag-
netic properties is explained. The material is 
suitable for applications where opposition to 
demagnetization is required; several such ap-
plications are indicated. (See also Phys. Rev., 
vol. 86, pp. 424-425; May I, 1952.) 

538.632: 537.311.1  2825 

Measurements of the Hall Effect in Zinc 
Oxide —K.  Intemann and  F.  Stockmann. 
(Z. Phys., vol. 131, pp. 10-16; December, 1951.) 
Values of the order of 10 cm per V/cm are ob-
tained for the mobility of electrons in evapo-
rated films of Zn0; this is in satisfactory agree-
ment with values found previously for compact 
ZnO. 

539.234:537.29  2826 
Effect of Electric Field on the Development 

of Thin Films —M. Perrot and J. P. David. 
(Compt. Rend. Acad. Sci. (Paris), vol. 234, 
pp. 1753-1755; April 28, 1952.) Investigation 
of thin Ag and Al films evaporated in a high 
vacuum shows that different resistivities are 
obtained according to the value of the field ap-
plied during deposition. 

539.234: 546.26: 537.311.32  2827 
Conductivity and Flicker Effect of Very 

Thin Carbon Films —N. Nifontoff. (Compi. 
Rend. Acad. Sci. (Paris), vol. 234, pp. 1755-
1757; April 28, 1952.) Continuation of work 
previously reported (171 of February and 341 
of March), using more sensitive equipment. 

539.234:546.72  2828 
Measurements on the Current Sensitivity 

of the Electrical Resistance of Condensed Iron 
Films at Low Temperatures —A. van I tterbeek, 
R. Lambeir, B. Franken, G. J. van den Berg 
and D. A. Lockhorst. (Physica, vol. 18, pp. 
137-144; March, 1952.) Measurements were 
made at temperatures down to those of liquid 
N2, H, and He of the variation of resistance (a) 
with current. (b) in the presence of a magnetic 
field; the results are related to Kittel's theory 
(1129 of 1950). The resistance decrease with 
increasing current is rather less than for sput-
tered films. 

546.811:621.3.011  2829 
On the Electrical Properties of Thin Layers 

containing Grey Tin—N. A. Goryunove, I. D. 
Konozenko and A. P. Obukhov. (Zh. Tekh. 
Fiz., vol. 21, pp. 814-817; July, 1951.) The 
specific resistance of thin layers of white tin 
containing small amounts of grey tin varies 
between 10, and 104 ohm cm. The thermal 
coefficient of resistance is negative and of the 
order of 3-5 per cent per 1°C. 

546.817.221 +546.817.231+ 546.817.2411:548. 
SS  2830 

Oxygen-Free Single Crystals of Lead Tel-
luride, Selenide. and Sulfide —NV. D. Lawson. 
(Jour. A ppl. Phyc., vol. 23, pp. 495-496; 
April, 1952.) Anomalies in the type of conduc-
tivity of crystals of l'bSe and l'bTe have been 
found to result from the presence of oxygen. 
A method of preparation in an atmosphere of 
hydrogen is described which gives oxygen-free 
crystals. Single crystals of PbS have also been 
produced by this method. 

549.514.51:537.226.2.096  2831 
Temperature Variation of the Dielectric 

Constant of Quartz at H.F. between 204 and 
700°C. <lei Transformation. Thermal Twinning 
and Mechanical Detwinning- J. P. Perez. 
(Ann.  Phys. (Paris), vol. 7, pp. 238-282; 
March/April, 1952.) The quartz plates exam-
ined formed the dielectric of capacitors whose 
capacitance changes were determined from the 
readings of a calibrated variable capacitor. For 
plates cut parallel to the optic axis, the capaci-
tance increases continuously with temperature 

except at the all transformation r int, where 
there is usually a discontinuity. Plates cut 
perpendicular to the optic axis could not be 
studied beyond about 300°C, the conductivity 
becoming too great. The results indicate that 
the all transformation is quasi-instantaneous 
and is characterized by slip at twinning sur-
faces. 68 references. 

621.314.634  2832 
Positive Current Creep in Selenium Recti-

fiers —R. Cooper and J. Harrington. (Proc. 
Phys. Soc. (London), vol. 65, pp. 303-304; 
April 1, 1952.) Experiments are described which 
indicate that although high power dissipation 
in the barrier layer may be a factor which favors 
positive current creep, as suggested by Henisch 
and Ewels (926 of 1951), it is not an essential 
condition and some other factor must be in-
volved. 

621.315.612.6  2833 
The Electrical Conductivity and Break-

down Strength of Thin Glass Films -  Glaser. 
(Z. angew. Phys., vol. 4, pp. 12 -16; January, 
1952.) Experiments on glass films of thick-
nesses down to 0.07  indicate that there is 
only an indirect relation between electrical 
breakdown strength and conductivity. Break-
down strength increases as temperature de-
creases. 

666.22:546.244-31  2834 
Tellurite Glasses —J. E. Stanworth. (Na-

ture (London), vol. 169, pp. 581 582; April 5, 
1952.) A short account of the properties of 
various glasses with Te0., as the principal con-
stituent, the second being Pb0 or Bat) and the 
third Li:0, Na20, B20..,  G0-02, V205, 
Cb2Ok or TiO2. The expansion coefficients are 
unusually high for oxide glasses (10-20X 10-6  
per 1°C.), refractive indices of the order 1.8-
2.2, permittivities about 27 and loss factors 
about 0.003 from 50 cps to 1.2 inc. Some of the 
glasses have very low absorption at any wave-
length up to 5.5µ. 

MATHE MATICS 

517.564.3:621.396.619.13  2835 
Spectrum of a Frequency-Modulated Wave - 

Vaughan. (See 2892.) 

517.93  2836 
A Graphical Analysis for Non-Linear Sys-

tems —Pei-Su  Hsia.  (Proc. IEE 
Part It, vol. 99, pp. 125-131; A; di, 1952. 
Discussion, pp. 132-134.) Full paper; sumindry 
noted in 1945 of August. 

519.21  2837 
Remarks on an Interpolation Theorem 

A. Blanc-Lapierre. (Compt. Rend. Sti. 'Paris), 
vol. 234, pp. 1733-1735; April 28, 1952.) Dis-
cussion of some properties of a class of station-
ary aleatory functions X(t) such that the values 
of the function for any values of e are (eter-
mined from knowledge ofthe values of X.(to+nX) 
taken by the function X(1) at uniformly dis-
tributed intervals on the t axis, n being inte-
gral. The theory is related to the theory of 
communication. 

681.142:621.318.572  2838 
Universal High-Speed Digital Computers: 

Serial Computing Circuits —F. C. Williams, 
A. A. Robinson and T. Kilburn.  Proc. IEE 
(London), Part II, vol. 99, pp. 107-120; April, 
1952. Discussion, pp. 120-123.) Circuits de-
signed for the Manchester University com-
puter are described. 

681.142:1621.392.26+621.396.611.4  2839 
The Solution of Waveguide and Cavity. 

Resonator Problems with the Resistance-Net-
work Analogue —G. Lieb mann. (Proc. lEE 
(London), Part IV, vol. 99, pp. 260-272; July, 
1952.) Description of a resistance-network 
analogue method which can be considered as 
an experimental counterpart of Southwell's 
relaxation technique. The network is the same 

as that previousfy described for the solution of 
certain equation (1954 of 1950), with modifi-
cations necessar3l for carrying out the iteration 
process. 

681.142:621.395.425.3  2840 
Universal High-Speed Digital Computers: 

a Magnetic Store-F. C. Williams, T. Kilbtfrn 
and G. E. Thom . (Proc. IEE, Part II, vol. 
99, pp. 94-106; April, 1952. Discussion, pp. 
120-123.) An experimental intermediate store 
is described, comprising a drum coated with a 
layer of pure Ni as recording medium and ro-
tated in synchronism with the fundamental 
frequency of the computer. Such a store, with 
a capacity of 3,000 numbers, each of 40 binary 
digits, is incorporated in the Manchester Uni-
versity computer. 

MEASURE MENTS AND TEST GEAR 

531.76  2841 
A Direct-Reading Mains-Frequency-Cycle 

Counter —P. Huggins. (Electronic Eng., vol. 
24, pp. 276-277; June, 1952.) The counter in-
cludes three dekatrons [2066 of 1950 (Bacon 
and Pollard)) to indicate respectively units, 
tens and hundreds of cycles; a time interval 
can be read, in terms of mains-frequency cycles, 
to within 0.02 second. 

531.76:621.389  2842 
A Millisecond Tinting Unit —J. E. Ha-

worth. (P.O. Elec. Env's' Jour.. vol. 45, part — 

I, pp. 25-29; April, 1952.) Description of 
electronic equipment for timing intervals up 
to 10 seconds in O.5-iii s units. The recording 
meters return to zero at the end of 10 seconds 
and then continue cointing the number of 
cycles of a timing wave that occur in the inter-
val to be measured. Th !equipment is particu-
larly suitable for timing switching operations. 

621.317.3:519.271:621.396.822  2843 
Statistical Errors in Measurements on 

Random Time Functions-- W. B. Davenport, 
Jr., R. A. Johnson and D. Middleton. (Jour. 
App!. Phys., vol. 23, pp. 377-388; April, 1952.) 
Analysis of the dependence of the statistical 
errors on the averaging interval, the metholi of 
averaging, and the statistics of the particular 
time function considered, with detailed dis-
cussion of the measure m nt of the power of a 
random-noise voltage of specified bandwidth. 

621.317.3:537.228.1  2844 
A New and Quick Method for Detection of 

Piezoelectricity and Measurement of the Pie-
znelectric Constants —K. G. Srivastava. (In-
dian Jour. Ph-es., vol. 25. pp. 33-34; January, 
1951.) Description of a simple method using a 
differential transformer. 

621.317.321  2845 
The Measurement of High Alternating 

Voltages by Means of Capacitive Voltage Divid-
ers (C-Measuremeat): Part 2—P.  Boning. 
(Arch. Tech. Messen, pp. 61-62; March. 1952.) 
An impedance diagram is constructed for the 
arrangement previously considered (440 of 
March), the resistive load being replaced by 
an instrument transformer. This circuit may 
be operated so that the voltage cross the trans-
former is in phase with the voltage to be meas-
ured. 

621.317.35:621.397.5  2846 
A Line Strobe Monitor for Investigating 

Television  Waveforms—E.  Davies.  iJour. 
Teter. Soc., vol. 6, pp. 336-342; January/ 
March, 1952.) Problems in the design of an 
oscilloscope for television waveforms are dis-
cussed generally. Requirements in respect of 
timebase range, display cro and associated 
video amplifier are specified, and diagrams and 
description are given of a Marconi instrument 
satisfying these requirements. 

621 .317.352:621392.52  2847 
Null-Balance Technique for Filter Measure-

ment--E. R. 1Vigan. (Wireless Eng., vol. 29, 
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pp. 195-196; July. 1952.) hscription of a 
simple and accurate methodof determining 
points on the frequency respnse curve of a 
filter, using only laboratory aparatias usually 
available. 

621.317.374 2848 
An Approximate Methd for Deducing 

Dielectric Loss Factor trot Direct-Current 
Measurements —It. V. II.t.on. (Proc. I EE 
(London), Part IV. vol. 99. p. 151-155; July, 
1952. Summary, ',id., Pt 11, vol. 99, pp. 
291-293; June, 1952.) Des, • lion of a method 
for deducing the .;.proxir. .• loss factor of a 
solid dielectric frt  ! I .. • t :ing current that 
flows after the s. n A; . ition of a direct 
voltage. Under • Lim n • :itions, the loss 
factor at a freqt. y ot ,s can be found 
from the chargint ii rn  time 0.1/f sec-
ond after applicat  •, ,,f !tage. The useful 
range of the me!  Ii.  .,sed and results 
obtained are corn  bridge measure-
ments. 

621.317.382.029.r 
Absolute Pot 

wave Frequencit 
(London), Part ; 
1952; ibid., Pa! 
April, 1952; sum 

621.317.382.029. 
A General IV ttho,. for 

urement of Mk • 3 wa . e P 
(Proc. I EE (L idot . 
No. 24; April, 1 52; 'IL, 
186--188; April, ' 452: s•in: 
the theoretical  asis I 
2849 above, tak tg a ,ta 
"resonator acti, I" t )r. 
Math., vol. 2, p. ;29; : )4 
with input and out; t 
taming a rimy: ,le . 
force on the me -abl I, 
the power flow .hr, h 
iary experimen• s i 1. ‘,1 
length only. 

621.317.715:537.22 I.1 
Short Note on a •t 

Galvanometer -H  
vol. 4, pp. 16-17; J. nt 
ment described is Lt. 
eter (3432 of 1937), IA 
fier incorporated; t wi 
ing. 

621.317.729:537.2 5' 2852 
Factors affect.n.; to Design of an Auto-

matic Electron-  a jt • •  Tracer —K.  F. 
Sander, C. W. 0 • . G. Yates. (Proc. 
I EE (London,) 1"  . 99, pp. 169-176; 
July, 1952. Disc  177-179.) Discus-
sion of a method in u  diformation derived 
from measuremen- s  :liodel system in an 
electrolyte tank 1 Automatically and 
continuously to a di- ial analyzer, where 
the equations of ;o: the electron are in-
tegrated and its t:aj, ; raced on an output 
table. Results W ail  11,-ate that a digital 
computer would he ; hie to the differen-

tial analyzer. 

621.317.734  2853 
Two Electronic Resistance or Conductance 

Meters—L. B. 'I urner. ! Proc. IEE (London), 
Part II, vol. 99, pp. 209 216; June, 1952. Dis-
cussion, pp. 21(1 219. I )escription of mains-fed 
instruments vt itit tive ranges of 104-1.2 
x mint and 260 —3.3X10,1S2. Scale accuracy 
is not affected by changes of tubes. 

621.317.755:621.385 .3/.5 2854 
A Simple Valve Comparator —B. C. Foster. 

(Electronic Eng., vol. 24, pp. 220-223; May, 
1952.) Description of cro equipment using eight 
tubes and providing simultaneous display of 
the W V, characteristics of two tubes at a 
series of grid voltages. 

284g 
•nent at Micro-
(n Proc. lEE 
ti No. 23; April, 
I, pp 183-186; 
e 1 o'• 2 of May. 

2850 
Absolute Meas-
-r---.1. L. Cullen. 
IV. Monograph 
t II. vol. 99, pp. 
y (tniy.) Presents 
Inethod noted in 
t: point Maclean's 
wart. Jour. A ppl. 
i,y loss-free cavity 
-guides, and con-
can Is used; the 
can be related to 
•vstem by subsid-
neasurements of 

2851 
telectric Vibration 
Z. Alu m. Phys., 
1952.) The instru-
Golay's electrom-
three-stage ampli-
IA heavy overload-

621.317.761+621.396.621.54 2855 
Direct-reading Frequency Measuring Equip-

ment for the Range of 30 CPS to 30 MC — 
L.R.M. Vos de Wael. (Puoc. I.R.E., vol. 40, 
pp. 807-813; July, 1952.) English version of 
paper noted in 743 of April, supplemented by a 
brief description of a double-heterodYne re-
ceiver adapted from that described previously 
by van der Wijck (2041 of 1949) for use when 
measuring the frequency of a remote trans-
mitter. 

621.317.761  2856 
Frequency-Deviation Meter plots Drift — 

N. C. Hekimian. (Electronics, vol. 25, pp. 134-
135; June, 1952.) The circuit uses two type-
6BN6 gated-beam tubes [1292 of 1950 (Adler)] 
in a limiter-discriminator arrangement. Out-
put pulses of variable width are integrated and 
applied to a bridge circuit containing a micro-
ammeter calibrated in kc. 

621.317.772  2857 
A Versatile Phase-Angle Meter —G. N. 

Patchett. (Electronic Eng., vol. 24, pp. 224-
229; May, 1952.) A direct-reading cro apparatus 
with frequency range 20 cps-20 kc, input-
voltage range 1-500 v and phase-angle range 
90° lag to 90° lead, the accuracy being to with-
in ± 2 per cent. 

621.317.772  2858 
Versatile Phase-Angle Meter —D. S. Gor-

don: and G. N. Patchett. (Electronic Eng., 
vol. 24. p. 343; July, 1952.) Comment on 2857 

above and author's reply. 

621.M7.79:621.396.619  2859 
A New Modulation Meter—E. Riilker. 

(Nachrichtentechnik, vol. 2., pp. 47-51; Feb-
ruary, 1952.) Description of an instrument with-
a logarithmic scale from —50 db to +5 db, 
suitable for the frequency range 40 cps-15 kc. 
The logarithmic scale is achieved by using the 
interelectrode path of a diode, operated in the 
initial-current region, as one section of the 
amplitude-dependent voltage divider. 

621.317.79:621.396.62  2860 
An Automatic Circuit Checker for Radio 

Receivers—V. J. Cox. (Electronic Eng., vol. 
24, pp. 258-263; June, 1952.) Description of 
test gear for use on a production line. Receivers 
with incorrect wit ing or faulty components are 
rejected and the location of faults indicated, 
so that they can be diagnosed and corrected 
by comparatively unskilled workers.  The 
method is based on comparison with a stand-
ard receiver. 

621.319.43.089.6  2861 
Equipment for Alignment of Ganged Vari-

able Capacitors—J. Schmidt. (Nachrichten-
technik, vol. 2, pp. 55-57; February, 1952.) 
Description of apparatus for rapid comparison 
of the capacitance/angle curve of a variable 
capacitor with that of a standard or of a 
ganged unit, with extension to the alignment 

of three units. 

621.396.615.14.029.63/.64  2862 
A Generator for Measurements at U.H.F. 

--P. Clostre and  R. Wallauschek. (A nn. 
Telecommun., vol. 7, pp. 196-204; April, 1952.) 
A description is given of equipment for making 
all the measurements necessary for determining 
the characteristics of traveling-wave tubes 
and for various measurements on waves in the 
range 5-12 cm. The equipment comprises (a) 
klystron oscillator in a perfectly screened cc-
closure, (ft) screened aperiodic detector, (c) 
screened wavemeter with a coupling system 
practically aperiodic throughout the range of 
the klystron, (d) direct output with variable 
coupling. (e) calibrated attenuator with input 
and output impedances matched to external 
lines, (f) modulator. The total range is covered 
in three sections with adequate overlap, using 
different klystrons. The direct output power is 
of the order of 50-100 mw, the attenuator giv-

ing outputs variable from lmw to 10-14 w. 
Theory of the attenuator is given in an ap-

pendix. 

OTHER APPLICATIONS OF RADIO 
AND ELECTRONICS 

621.38.001.8:543/545  2863 
Recent Developments in Electronic Instru-

mentation for Chemical Laboratories —F. Gut-
mann. (Proc. I.R.E. (Australia), vol. 13, pp. 
11-26; January, 1952.) See 2565 of October. 

621.383.2  2864 
Some New Image-Convertor Tubes and 

their Applications —J. A. Jenkins and R. A. 
Chippendale. (Electronic Eng., vol. 24, pp. 
302-307; July, 1952.) Description of the special 
features of the Mullard tubes, types ME 1200, 
ME 1201 and ME 1202, and their application 
in infrared pyrometry and photography, in 
high-speed photography, in process control for 
light-sensitive materials, and for brightness 

intensification in X-ray radiography. 

621.385.833  2865 
The Axial Potential of the Three-Electrode 

electron] Lens —P. Grivet and M. Bernard. 
(Jour. Phys. Radium, vol. 13, pp. 47-48; Jan-
uary, 1952.) See also 2000 of August. 

621.385.833  2866 
The Field Ion Microscope—E. W. Muller. 

(Z. Phys., vol. 131, pp. 136-142; December, 
1951.) By reversing the polarity of the voltage 
in the field electron microscope, adsorbed atoms 
are torn from the tip of the object as positive 
ions and form an image of its surface on the 
luminescent screen. Fields up to 300 MV/cm 
have been used. Resolution is better than that 
of the electron-emission microscope because 
the tangential velocities are lower. The re-
quired image intensity is attained by continual 
reinforcement of the desorption process. 

PROPAGATION OF WAVES 

621.396.11  2867 
Polarization of Radio Waves reflected from 

the Ionosphere —B. Landmark. (Jour. Almos. 
Terr. Phys., vol. 2, pp. 254-255; 1952.) Re-
sults of vertical-incidence measurements in 
Norway are shown. The third magneto-ionic 
component or 2 trace was polarized in the 
same way as the ordinary wave [See also 3090 
of 1951 (Hogarth)]. Correlation was found be-
tween mean values of absorption at 3.6 mc and 
the axis ratio e of the polarization ellipse. Dur-
ing magnetic storms and auroral displays the 
value of e varied considerably. 

621.396.11:535.515  2868 
Comparison of Double Refraction in Crys-

tals and in the .Ionosphere —G. Lange-Hesse. 
(Arch. Elekt. Ubertragung, vol. 6, pp. 149-
158; April, 1952.) Differences between the 
double-refraction phenomena of light in crystals 
and of em waves in the ionosphere are investi-
gated using tensor algebra. Whereas the per-
mittivity tensor for the crystal in the direction 
of the optic axis is symmetrical, that for the 
ionosphere in the direction of the earth's mag-
netic field includes an antisymmetrical term, 
giving rise to double refraction. Using the con-
cept of normal surfaces, it is shown that there 
is no direction of propagation in the ionosphere 
for which double refraction disappears. 

621.396.11:551.510.535  2869 
Lunar Variations in F2-Region Critical 

Frequency at  Sing,pore —B.  W. Osborne. 
(Nature (London), vol.  169, pp. 661-662; 
April 19, 1952.) Results of measurements of 
foF2 from November 1948 to June 1951 in-
clusive are analyzed and show a definite corre-
lation with the moon's phase, with well-marked 
maxima at the first and last quarter. 

621.396.11.029.45 2870 
The Ionospheric Propagation of Radio 

Waves of Frequency 16 kc/s over Distances of 
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about 200 km —R. N. Bracewell. (Prot. TEE 
(Landon), Part IV, vol. 99, pp. 217-228; July, 
1952. Summary, ibid., Part III, vol. 99, pp. 
217-221; July, 1952.) Measurement of phase, 
the essential feature of the investigations, was 
effected by comparison with a reference signal 
sent from the transmitter by land line. The 
field variations at 200-km range are explicable 
in terms of a constant ground-wave and mul-
tiple reflections from the ionosphere, which are 
more evident than at 90-kin range. The ap-
parent height of reflection varies approxi-
mately as 5.5 log, seconds x + constant, where 
x is the sun's zenith distance. The reflection 
height for summer noon is 65 km and for the 
night 82 km. 

621.396.11.029.45  2871 
The Ionospheric Propagation of Radio 

Waves of Frequency 16 kc/s over Distances of 
about 540 km — W. C. Bain, R. N. Bracewell, 
T. W. Straker and C. H. Westcott. (Proc. IEE 
(London), Part IV, vol 99, pp. 250-259; July, 
1952. Summary, ibid., Part III, vol. 99, pp. 
226-228; July, 1952.) An account of investiga-
tions, carried out at Aberdeen during 1940-
1944 and May-October 1949, of the amplitude 
and phase of signals from the Rugby trans-
mitter. Diurnal and seasonal effects are noted. 
The results show that reflection takes place at 
an apparent height of about 74 km by day and 
92 km at night, with effective reflection coeffi-
cients of about 0.27 and 0.55 respectively in 
the summer of 1949. At shorter ranges the 
downcoming wave is approximately circularly 
polarized, whereas at 535 km the polarization 
was almost linear during morning twilight. The 
results confirm the conclusion of Weekes (1491 
of 1950) that there is a marked change in the 
propagation characteristics of 16-kc waves in 
passing from 300 to 500 km. 

621 .39 6.11.029.45:551.510.535  2872 
An Explanation of Radio Propagation at 16 

kc/s in Terms of Two Layers below E Layer 
Bracewell and Bain. (See 2804.) 

621 .396.11.029.45:551.510.535  2873 
The Oblique Reflexion of Long Wireless 

Waves from the Ionosphere at Places where the 
Earth's Magnetic Field is regarded as Vertical — 
J. Heading and R. T. P. Whipple. (Philos. Trans. 
A., vol. 244, pp. 469-503; April 3, 1952.) 
Wilkes's model of the ionosphere, with two dis-
tinct regions (2548 of 1947), is used and wave-
propagation equations in relatively simple 
form are derived. For a model in which ion 
density increases exponentially with height 
and collision frequency is constant over the 
range of height of the reflecting region, exact 
solutions are found for these equations, yielding 
exact expressions in terms of factorial functions 
for the reflection coefficients of the two regions 
separately; the total effect of the ionosphere on 
an incident wave is obtained by properly com-
bining these coefficients. Apparent height of 
reflection is defined in terms of the phase of the 
reflected wave. The results of the theory are 
presented in graphical form for a model ap-
proximating to the "tail" of a Chapman region, 
and a comparison is made with experimental 
observations. 

621.396.11.029.51  2874 
Polarization Measurements of Low Fre-

quency  Echoes —E.  L.  Kilpatrick.  (Jour. 
Geophys. Res., vol. 57, pp. 221-226; June, 1952.) 
Report of National Bureau of Standards inves-
tigations at Sterling, N'a. Plane-polarized 160-
kc pulses of about 80-ps duration were trans-
mitted vertically from a rectangular loop in the 
E- W vertical plane. The elliptical pattern of the 
polarization of the reflected signals under 
stable conditions was oriented 60°-70° east of 
magnetic north, the axis ratio varying from 3 
to 5, with left-hand rotation of the polar vector. 
During unstable periods the duration of the 
echoes usually increased or the echoes split 
into separate portions with different polariza-
tions. 

621.396.11.029.51  2875 
A Note on the Polarization of Low Fre-

quency Ionosphere Echoes  J. M.  Watts. 
(Jour. Geophys. Res., vol. 57, pp. 287-289; 
June, 1952.) Report of National Bureau of 
Standards investigations at Sterling, Va., using 
circularly polarized 160-kc pulses. Continuous 
records of the height at which reflection oc-
curred were obtained on slowly moving film. 
Daytime observations confirmed the results ob-
tained with plane-polarized waves f2874 above 
(Kirkpatrick) and 3037 of 1950 (Benner et 
Effects at night were more complex. 

62 1.396.11.029.6:551.594.5  2876 
The Fading Rate of Ionospheric Reflections 

from the Aurora Borealis at 50 M O —K. 
Bowles. (Jour. Geophys. Res., vol. 57, pp. 191-
196; June, 1952.) Measurements have been 
made of the rapid flutter type of fading asso-
ciated with auroral propagation (2002 of 1951). 
The observed fading rates are about ten times 
greater than might be expected from normal 
ionospheric drift velocities. For communica-
tion by auroral reflection to be effected, in 
most cases both transmitting and receiving 
antennas must have the same polarization and 
be pointed approximately in the direction of 
the visible aurora. Speech transmission on AM 
50-mc waves is occasionally possible. 

RECEPTION 

621.396.621  2877 
Twelve Years Progress in the Design of 

Domestic Broadcast Sound Receivers—F. T. 
Lett. (Jour. Brit. I.R.E. vol. 12, pp. 254--265; 
April, 1952.) A review of receiver-design trends, 
particularly in the post-war period, and of prog-
ress in the design of components resulting in 
the production of small portable receivers with 
good performance. 

621.396.621  2878 
The Marconi Single-Sideband Receivers — 

Types HR92 and HR93  C. P. Beanland and 
F. I. Rickaby. (Mationi Rev., vol. 15, pp. 60-
70; 2n(1 Quarter 1952.) Special features and 
Performance data for (a) Type-11R92, a double-
diversity, dual-channel ssb receiver pre-tuned 
to any three spot frequencies in the range 
3-27.5 mc, (b) Type-11R93, a single-channel 
version with six spot frequencies. 

621.396.621:517.432.1  2879 
Theory of the Impulse Response of Re-

ceivers. Application of Heaviside Operators 
and the Duhamel Integral - R. Kitai. (Proc. 
IEE (London), Part III, vol. 99, pp. 221-222; 
July, 1952.) Summary only. The response of a 
simple superheterodyne receiver to a step-volt-
age input is analyzed by application of opera-
tional analysis, the voltage/time responses 
being determined at the grid of the converter 
valve, at the grid of the IF amplifier tube, and 
at the detector output. The indicial-response 
equations given can also be used, together 
with the Duhamel integral, when the input 
differs from a step voltage. The theory was 
verified by measurements on a receiver. 

621.396.621:621.317.79  2880 
An Automatic Circuit Checker for Radio 

Receivers—Cox. (See 2860.) 

62 1.396.621.018.12:621.3.018.783  2881 
Low-Frequency Distortion due to H. F. 

Phase  Shift —J.  Zakheim.  (Radio ,franc., 
no. 4, pp. 22-24; April, 1952.) If the oscillating 
circuit of a receiver is exactly tuned to the 
frequency of a modulated carrier, the phase 
advance of the modulation voltage, resulting 
from the equal and opposite phase shifts of the 
two hf sidebands, produces no nonlinear dis-
tortion and is of secondary importance in the 
transmission of speech or music. If, however. 
the receiver circuit is mistuned, the phase shifts 
of the two sidebands are not equal and dis-
tortion is produced which depends on the differ-
ence (7) between the phase shifts of the side-

bands and on 
Curves are giv 
function of r f 
For receivers w 
the phase shift 
result in a total 
able. 

c depth of modulation (m). 
showing the distortion as a 
m=30, 60 and 90 per cent. 
more than one tuned circuit 
roduced by each circuit may 
tortion too great to be toler-

621.396.621.54 + 1.317.761  2882 
Direct-Readi  Frequency  Measuring 

Equipment for th  ange of 30 c/s to 30 Mc/s 
N'os de Wad.  (S 2855). 

621.396.622+621. 6.621:621.396.619.11 2883 
The Synchrod e and Coherent Detectors 
D. G. Tuck, r.  'airless Eng., vol. 29, pp. 

184-188; July, 19 ) The performance of the 
synchrodyne and  e coherent detector with 
respect to signal/ is, ratio, when the input 
signal is accom;:ani  by noise in its own allot-
ted frequency ban h. compared with that of 
the ordinary so-call " ;near" detector in which 
the received signal  st;',jected to plain rectifi-
cation. There ii a  y onsiderable difference 
in the output noise  e tra when the signal is 
absent or ver• snail and in the "linear" de-
tector the noi- pro ci a dc output which is 
absent in the case  the coherent detector. 
Thus, althoug'i the: eis it tle difference in per-
formance on c,.titiniv)os  envelope-modulated 
signals, the coli,!rent det. tor is much the bet-
ter on pulse col inte mitt it signals. The syn-
chrodyne has I asicaly t • same performance 
in these resoe, t as t lie  ,Tent detector, but 
may be slightly inlet .;:tr,  le to noise appear-
ing in the output of it - b  oscillator. 

621.396.622.7.(29.64: 621.. 6.615.142  2884 
Velocity_Moj ae  D. ector -F.  N.  H. 

Robinson. (14'i, less Leg.,  29, pp. 200-202; 
August, 1952.) +in explan: ion is given of the 
action of a mic wave deft- tor in which the rf 
signal is fed to: helix throw  which an electron 
beam passes. 1 the beam •elocity is approx-
imately the s ,ne as the wave propagation 
velocity along the helix,  he beam emerges 
from the helix v ith vm and • he presence of the 
signal results in a change of the current picked 
up by a collect , 7 on which t ie beam impinges. 
The sensitivity of such a d. vice is estimated, 
taking account of possible i oise sources, and 
is found to be s. 'me hundred times better than 
that for a vide( crystal. Exp-riments at wave-
lengths of 10 c.,1 and 3 cm were carried out 
with a simple t pc of struct are having an in-
efficient collect, r. Sensitivities of 10-' w at 
10 cm and 10-' \v at 3 cm u th a video band-
width of 1 mc were obtain 'd, and 10-11  w 
at 10 cm, using , higher load resistance, with 
a video bandwidth of 1 kc. The sensitivity 
could be greatly improved by a better design 
of collector. 

621.396.81  2885 
On the Theory of Measurement of Weak 

Signals having a Continuous Spectrum —V. S. 
Troitski. (Zh. Tel.-!:. Fia„, vol. 21, pp. 994-1003; 
August, 1951.) Weak signals are defined as 
signals the spectral density of which is lower 
than that of the noise fluctuations in the meas-
uring apparatus. Two methods are available 
for measuring such signals, viz. the compensa-
tion method and the modulation method. The 
theory of these methods is discussed and a 
comparison between the two is made. The fol-
lowing main conclusions are reached: (a) the 
sensitivity of both methods can be made as 
high as desired by narrowing the bandwidth of 
the filter; (b) the advantage of the modulation 
method is that it eliminates the effect of slow 
random modulation of the noise level. 

621 .396 .82 :621.396.619.13  2886 
Interference in F. M. Reception caused by 

Strong Interfering Transmitters —NI. Kulp. 
(Arch. elekl. Clicriragung, vol. 6, pp. 143-148; 
April, 1952.) The intensity of the interference 
at the receiver output depends on the ratio q 
between the amplitudes of the unwanted and 
wanted signals at the limiter input, and changes 
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suddenly as this ratio vats through unity. 
Formulas are derived and abulated for the 
interference caused by an uvanted FM signal 
of frequency equal to or erent from that 
of the wanted signal, and r the interference 
caused by an unwanted ANsignal of different 
frequency, for o<, I. The iidifications to the 
formulas required to meet he case q>1 are 
indicated. 

STATIONS AND COIWIIINICATION 
SYSTEM 

621.39.001.11:519.272  2887 
The Mathematical Tretment of Random 

Phenomena in the Stuy o  Oscillations 
(Norbert Wiener's Them) -1.. A. Fischer. 

nnieldelech. / . vol. 5, ,p. 151-158; April, 
1,)52.) An outline of the e:enti is of Wiener's 
lit.ory of harmoi.ic anal  wi h examples of 
it, application. 

621.39.001.11: 62,.394.14.04.15  2888 
Efficient Coding -B. N. ()liver. (Bell Sys. 

Ten. Jour., vol. I, pp. 24 7".0; July, 1952.) 
This paper re .ews 1,nil: a few of the 
simpler aspects of ct inilnication theory, 
especially those ,art v id. !elate to the in-
tot ination rate  Ii,l , In inel capacity re-
quired for sami , 'd,  messages. Two 
methods are tl 'n  i:qtiss, I whereby such 
messages can be on1frett.d t 'reduced' form 
in which the suc ss e &am  are more nearly 
indeliendent an.. fo wiich • in simple ampli-
tude distributio•  niore  ked than in the 
011,i nal messag, Tli redu I signal can then 
Io• encoded int  in. y.• di • with good effi-
ieney using a S •. Far ode on a symbol-
yrithol (or iit-  ' • -pa  i tsis. The usual 

in. :ficiency whi ri-  t • ignoring the cor-
r...,t ion betwe, tin  g.  'lents is lessened 
..use this co tell• it s in the reduced 

621.391:621.390.61P 16 2889 
A Recent Deve: pment i Communication 

Technique —C. W. IEE (London), 
Part Ill, vol. 99, pp. 1 -1  86; July, 1952.) 
A description is giwn ..!  ; °posed new sys-
tem of communication, • ively termed the 

syst. which has been 
y. ,Iced as a log. .I . • anent of earlier 
-y-,.teins. The syst ii Ii • .tin practical ad-
c..ntages, and it is sugg  • t hat one variant, 
which is very ne:.7I dent to the theo-
i. t ical 2-digit mull ; pcm system, could 
li,• of great value hen  . callable frequency 
bandwidth is insufficiel  • • binary coding by 
..s many as six diits. -11 it• new system permits 
s.itisfactory clasificat •.in of the system com-

monly known as "pul--,1 FM," which repre-
sents a special case or the "ambiguous-index 
system, which is very . Iosely related to signal 
•-oding systems. A mod.tication of the "pulsed 
FM" system probabl!. represents an almost 
ideal system of trinsmission for the case where 
the available bandwidth is only about twice 
that required for ssb w, dking. 

621.396.619.018.782.4  2890 
Harmonic Distortion of Modulation —E. G. 

Hamer. (Wirele“ Eng., vol. 29, pp. 212-216; 
.August, 1952.) Discussion of distortion due to 
echoes in radio systems, in particular, that due 
to echoes in antenna feeders. The distortion 
of AM and of FM signals is calculated and the 
results are presented in the form of abacs 
from which the amount of distortion can be 
readily determined for a wide range of modu-
lation frequencies and depths of modulation. 
The equations and abacs show that a FM 
system is much more vulnerable to the effects 
of echo signal t Iran an AM system. 

621.396.619.11 .14:621.396.822  2891 
On the Distribution of Energy in Noise-

and Signal-Modulated Waves: Part 2—Simul-
taneous Amplitude and Angle Modulation — 
D. Middleton. (Quart. App!. Math., vol. 10, 
pp. 35-36; April, 1952.) The energy distribu-

tion is determined for a carrier modulated 
simultaneously in amplitude and phase (or 
frequency) by a pair of random-noise waves, 
one of which is delayed relatively to the 
other, coherence between the two modulations 
being assumed. Mean power and spectral dis-
tribution are derived from the autocorrelation 
functions and shown as graphs. The angle 
modulation results in a redistribution of energy 
without changing the total power. Cross-
correlation terms are responsible for the spec-
tral asymmetry not previously found. As the 
relative delay increases, spectral maxima oscil-
late about the carrier frequency in decreasing 
swings, so that symmetrical spectra are still 
obtained for particular delay values. Clipping 
due to over-modulation causes little spreading 
of the spectra, the shapes of which are mainly 
controlled by the degree of angle modulation. 
Special cases considered are those of no coher-
ence and of coherence without over-modula-
tion. The latter has applications to the noise 
output of magnetrons. Part 1: 2333 of August. 

621.396.619.13:517.564.3  2892 
Spectrum of a Frequency-Modulated Wave 

— W. C. Vaughan. (Wireless Eng., vol. 29, pp. 
217-222; August, 1952.) Expressions involving 
Bessel functions are derived for the frequency 
spectrum of a FM wave and for the side-
band pattern. Simple arithmetical methods 
of evaluating Bessel functions to an accuracy 
adequate for most practical requirements are 
described in detail. A graphical construction 
showing the relation between J_1(m), J,,(m) 
and J,,41 (m) forms the basis of a method for 
determining a limiting value for the ratio be-
tween two coefficients of adjacent orders. This 
is illustrated numerically for 14(5)/15(5), and 
the values of J,,(5) are then computed for.. 
values of is from 1 to 8 and compared with the 
values given in standard tables. A second meth-
od, with numerical example, for evaluating 
Besse' coefficients is also given, and the spec-
trum of a FM wave with a modulation index of 
5 is shown on a graph which also demonstrates 
the geometrical relation between the magni-
tudes of alternate components. 

621.396.619.16:621.394.3  2893 
A System for the Transmission of Tele-

printer Signals through Narrow Frequency 
Bands - A. F. Buff. (Marconi Rev., vol. 15, pp. 
49-59; 2nd Quarter 1952.) Modern communica-
tion theory is applied in the experimental 
equipment described. The use of multi-level 
pulse coding in place of the conventional 
binary digits of the telegraph code reduces the 
working bandwidth to only 10 cps per channel, 
but the signal/noise ratio for satisfactory oper-
ation is higher than that for normal telegraphy. 

621.396.E5:621.385.029.6  2894 
Travelling-Wave Valves in Radio Beam 

Links —G. Goudet. (Ann. Telt:commun., vol. 7, 
pp. 152-154; April, 1952.) The use of traveling-
wave tubes enables amplification to be ef-
fected directly at relay stations, without re-
course to an IF. Bandwidth and gain require-
ments can easily be met and a relay station for 
a 200-channel telephony system could have 
only three tubes, the first a low-noise type with 
a gain of about 20 db, receiving a signal of 10-6  
w and furnishing 10-6 w, the second with a gain 
of 35 db giving an output signal of 3 mw, at 
which level a crystal mixer could be used for 
frequency changing, the third tube, also with 
a gain of 35 db, giving a final output of 1 w. 
Suitable tube, have been designed in the Centrz. 
National d'Etudes des TelCcommunications 
(see 2936-2938 below). 

621.396.65:621.396.615.142.2  2895 
Operating Klystrons in F.M. Microwave 

Links—J. Cohn. (Electronics, vol. 25, pp. 124-
127; June, 1952.) Discussion of methods of 
evaluating and correcting the distortion due to 
long transmission lines and mismatches. The 
analysis is based on graphical solutions of the 

equation derived from consideration of the 
equivalent circuit of a reflex klystron and its 
load. 

621.396.65.029.63/.64  2896 
Decimetre- and Centimetre- Wave Beam 

Links, with Reference to C.C.I.F. Require-
ments —K. 0. Schmidt. (Funk u. Ton. vol. 6, 
pp. 176-190; April, 1952.) Discussion in par-
ticular of noise, signal level, and power require-
ments for telephony and television multichan-
nel links, with a few technical data for (a) a 
p.plim 24-channel telephony system using a 
wavelength of 15 cm, (6) a FM wide-band (6 
mc) television system, also on 15 cm, (c) a 
FM multichannel telephony system providing 
480 channels of 15 cm, (d) a similar system 
providing 1,440 channels on 7.5 cm. 

621.396.712.3  2897 
The New Broadcasting Studies for the 

Laibach Transmitter —V. Duian. (Radio Tech. 
(Vienna), vol. 28, pp. 173-176; April, 1952.) 
General description of the arrangement and 
acoustic properties of the various studios. An 
illustration shows the special treatment of the 
walls of the large studio. 

621.396.721  2898 
Portable Field Radio Equipment SUF-21K 

— K. Behr and H. Norrby. (Ericsson Rev., no. 
1, pp. 22-28; 1952.) Description of Swedish-
made telephony apparatus mainly designed 
for military use. The frequency range is about 
8 mc in the band 30-50 mc; FM is used. Power 
ransmitted is up to 4 w, giving an effective 
tange of 15-25 km. 

621.396.97.029.62:621.396.619.13 2899 
V.H.F.  Broadcasting —J.  R.  Brinkley. 

(Wireless World, vol. 58, p. 279; July, 1952.) 
Brief report based on a survey carried out in 
the U.S.A. early in 1952, and relevant to cur-
rent British plans. Fifteen years after the es-
tablishment of the first FM stations, only 5 
per cent of radio sets and 2 per cent of televi-
sion sets are for FM sound broadcasting. FM 
receivers cost much more than AM receivers 
and many manufacturers have given up FM 
models; the number of FM stations has also 
dropped. FM seems likely to be successful 
for filling gaps in the AM service rather than 
for supplanting it. 

SUBSIDIARY APPARATUS 

621-526  2900 
A System utilizing Coarse and Fine Posi-

tion-Measuring Elements Simultaneously in 
Remote-Position-Control Servo Mechanisms 
—J. C. West. (Proc. IEE (London), Part II, 
vol. 99, pp. 135-141; April, 1952.) 

621.316.722.078.3  2901 
The Design of Series-Parallel Voltage 

Stabilizers —S. N. Pocock and F. A. Benson. 
(Electronic Eng., vol. 24, p. 343; July, 1952.) 
Comment on 2045 of August and author's 
reply. 

TELEVISION AND PHOTOTELEGRAPHY 

621.397.24/.26  2902 
Television from Paris—( Wireless World, 

vol. 58, pp. 298-300; August, 1952.) Outline 
description of the recent Paris-London relay. 
From Lille, the end of the existing French re-
lay system, the ordinary broadcast and a 
second transmission of the program by a 9-kmc 
portable set were received at Cassel, 28 miles 
away. Here a 405-line image orthicon was 
focused on the long-persistence screen of a 15-
inch cr tube presenting the 819-line picture. 
A special land line conveyed the 50-cps mains 
frequency of the British grid to Cassel for 
frame-scan locking. Subsequent links were 
Cassel-Alembon,  7kmc;  thence  Swingate-
Wrotham-London, 4.5 kmc. A vhf communica-
tion system linked repeater stations from Cas-
sel to London. A land line direct from Paris to 
London transmitted the program sound. 
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621.397.242  2903 
Carrier-Frequency Transmission on Tele-

vision Cables —R. Hoffmann and J. Muller. 
(Fernmeldetech. Z., vol. 5, pp. 173-177; April, 
1952.) Various possible methods were consid-
ered for the transmission of television signals 
over distances up to 25 km between studio and 
transmitter or points in the telephone network. 
For 625-line signals, 21-inc carrier-frequency 
transmission on coaxial cables was adopted, 
equalizers (range 15 -27 me) and amplifiers 
being fitted at intervals of 6-7 km. Equipment 
used on a 14-km link between Berlin-Templehof 
and the exhibition hall at Witzleben is de-
scribed, the quality of the transmission being 
illustrated by oscillograms of square-wave sig-
nals with frequencies of 0.3 and 0.5 mc. A 
diagram shows the over-all amplit ude and phase 
characteristics of the system. 

621.397.5:519.24  2904 
Statistics of Television Signals —E.  R. 

Kretznier. (Bell Sys. Tech. Jour., vol. 31, pp. 
751-763; July, 1952.) Measurements have been 
made of sonic basic statistical quantities char-
acterizing picture signals. These include vari-
ous amplitude distributions, auto-correlation, 
and correlation among successive frames. The 
methods of measurement are described, and 
the results are used to estimate the amount by 
which the channel capacity required for tele-
vision transmission may be reduced through 
exploitation of the statistics measured. 

621.397.5:519.272.1  2905 
Experiments with Linear Prediction in 

Television—C. W. Harrison. (Bell Sys. Tech. 
Jour., vol. 31, pp. 764-783; July, 1952.) The 
correlation between the elements of a signal 
makes possible the prediction of the future of 
the signal in terms of the past and present. A 
method of prediction is described which does 
not make full use of the past, but is effective 
with certain signals and is relatively simple. 
In this method the prediction for the next 
signal sample is simply the sum of previous 
signal samples each multiplied by an appropri-
ate weighting factor which depends on the 
statistics of the signal. The relatively simple 
apparatus required for experiments on linear 
prediction of television signals is described and 
results obtained with it are illustrated and dis-
cussed. 

621.397.5:535.623/.624  2906 
Progress in  Colour  Television —R.  L. 

Smith-Rose. (Nature (London), vol. 169, pp. 
563-566; April 5, 1952.) A review of the devel-
opment of the art, principally in the U.S.A. 

621.397.5 : 535.623  2907 
Image-Orthicon Color-Television Camera 

Optical System—L. T. Sachtleben, I). J. 
Parker, G. L. Allee and E. Kornstein. (RCA 
Rev., vol. 13, pp. 27-33; March, 1952.) A relay 
lens system and cross-shaped dichroic image 
divider provide three separated images. The 
green light is focused directly and the red and 
blue beams are reflected on to their respective 
image orthicons. Astigmatism introduced by 
the divider is corrected by means of two mu-
tually perpendicular plates between the field 
lens and the relay lens system. The aperture 
of the system may be remotely controlled by 
a motor-driven iris. 

621.397.5:535.623  2908 
The R.C.A. Color-Television Camera Chain 

—J. D. Spradlin. (RCA Rev., vol. 13, pp. 11-
26; March, 1952.) Description of features of the 
system developed for commercial operation, 
particularly the construction, operation and ad-
justments of the camera, the target-scanning 
circuit, the three channel amplifiers and the 
monochrome and color monitoring arrange-
ments. 

621 .397.5:535.623:621.317.2  2909 
The N.S.C. New York Color-Television 

Field-Test Studio- J. R.  /eliaun,  R.  A. 
Monfort and A. A. Walsh. (RCA Rev., vol. 13, 
pp. 107-124; March, 1952.) Description of the 
studio arrangement, apparatus and operation 
for standard tests and adjustment of equip-
ment. 

621.397.5:621.317.35  2910 
A Line Strobe Monitor for Investigating 

Television Waveforms  1)., vies. (See 21446.) 

621.397.5:621.396.73  2911 
A Developmental Portable Television Pick-

up Station-- L. E. Flory, W. S. Pike, J. E. 
Icy and J. M. Morgan. (RCA Rev., vol. 13, pp. 
58-70; March, 1952.) Illustrated description of 
the unit which consists of a 50-lb pack and an 
8-lb vidicon camera. Video and sound channels 
operate on a common uhf carrier; the range is 
up to  mile. See also Electronics, vol. 25, pp. 
98-101; June, 1952. 

621.397.5(083.74)  2912 
International Television Standards --( Wire-

less World, vol. 58, pp. 296-297; August, 1952.) 
Details of the 405-, 525-, 625- and 819-line 
Systems approved by C.C.I.R. in 1951. 

621.397.61:621.3.018.41.016.352  2913 
Frequency Stability for Television Offset-

Carrier Operation -P. J. Herbst and E. M. 
Washburn. (RCA Rev., vol. 13, pp. 95-106; 
March, 1952.) For successful offset-carrier op-
eration at uhf (1798 and 2653 of 1950) the 
stability requirements of a local monitor are 
such that single checks against a standard-
frequency transmission may be inadequate. A 
highly stable crystal oscillator is described 
which can safely be used in areas where a 
primary standard is not readily available. De-
tails are given of the treatment and mounting 
of the crystal, and of the performance of the 
unit on protracted tests. It meets the monitor 
tolerance of a frequency deviation < ± 5 parts 
in 107 in a 30-day period. 

621.397.611.2  2914 
Performance of the Vidicon, a Small De-

velopmental Television Camera Tube —B. II. 
Vine, R. B. Janes and F. S. Veld'. (RCA Rev., 
vol. 13, pp. 3-10; March, 1952.) The vidicon 
developed is 1 inch in diameter and about 61 
inches long. Gamma, sensitivity, spectral re-
sponse, persistence and life of three types of 
photoconductive layer, viz., amorphous Se, 
Sb2S, and a modification of Sb2S2, are dis-
cussed. Sensitivities in the 'three cases are 
respectively 100, 300 and 50 ma per lumen. 

621.397.62  2915 
The First British Multi-Channel Television 

Receiver —W. I). Asbury, K. M. B. Wright and 
W. M. Lloyd. (Jour. Telev. Soc., vol. 6. pp. 
343-351; January/March, 1952.) A full de-
scription of the design is given, with circuit 
details and response curves. The receiver is a 
superheterodyne with the oscillator frequency 
on the high side and intermediate frequencies 
of 19.5 mc for sound and 16.0 mc for the pic-
ture. A single rf stage is used, and the pentode 
oscillator-mixer is designed to eliminate inter-
action between signal and oscillator circuits. 
The user can tune quickly to any one of the 
five channels. 

621.397.621  2916 
Simple Line-Scan Circuit —W'. T. Cocking. 

(Wireless World, vol. 58, pp. 305-309; August, 
1952.)The directly fed deflector-coil circuit 
(527 of March) can be adapted to provide by 
by including an extra inductance which com-
pensates the energy loss in the deflector coil 
during flyback. The operation and design of 
t he circuit, including the waveform-correction 
element, are discussed. The complete circuit 
has proved noncritical in adjustment and satis-
factory for operating at 53° tube at 10 kv. 

621.397.621 
The Required 

fiector Coils --E. 
vol. 24, pp. 238-2 
indicated for est 
trical goodness" f 
used with a par tic 
at given line volta 
at given high volt 
use of results oh 
August). 

2917 
ure of Merit of Frame De-
Emma. (Eleitronac Ent, 
May, 1952.) A method is 
dillg  the required "elec-
t:tine deflector coils to be 
r output pentode operated 
to scan a cr tube operated 
Worked examples make 
lied previously (2060 of 

621.397.621 
Faulty Interlace 

less World, vol. 58 
July and Augu,t, 
scribed using  late 
type frame-  ni lir 
cults in  It, 
and thy' at 
the Millem  .. t 
pulse on tli, im 111.1 

net interim Ig, the 
must have a sharp 
time delay wi.hresp 
and must be i 
even frames  A set 
these requirt p•nts is 
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2918 
G. N. Patchett. (Wire-

p. 250-254 and 315-319; 
52.) Experiments are de-
itor- and differentiator-
ag-signal separator cis-
% it h blocking-oscillator 
ocult s to investigate 
•• of the synchronizing 
! interlacing. Forcor-
from the separator 

ii !ig edge, with a fixed 
t he first frame pulse, 

I. I respects for odd and 
at it- circuit satisfying 
e. ribed, with illustra-
a led; a 6F32 or 6F33 

1, 

621.397.621.2  2919 
Self-Focu ing Pictsre Tube — rt. Y. Bent-

ley, K. A. II • igland and hi. W. Grossbohlin. 
(Electronics, • I. 25, pp. 11.7-109; June, 1952.) 
Description  if an elect ostatically focused 
electron gun , signed fur I iss production. The 
focusing elek t 'de is a cylealer at cathode po-
tential and m larger diameter than the ad-
jacent high-p ential cylis real cups. Supply-
voltage varia 'ins have Di significant effect 
on the focusi 2. The guns are manufactured 
as two separal units MIMI ere welded together 
after checkim 

621.397.8  2920 
The Eval ation of Pitt-ire Quality with 

Special Refel !rice to Television Systems — 
L. C. J'-sty an  N. R. Miele (fop,. Brit. IRE, 
vol., 12, pp. 2 11-253; April, 19;2.) Reprint. 
See 275 of Fell nary and 1127 of May. 

621.397.8  2921 
A Method of Measuringrf elevision Picture 

Detail —G. G. Gouriet. (Ek Ironic Eng., vol. 
24, pp. 308-- ill; July, 1912.) The "picture 
detail" over a 4iven length a scan is defined 
as "the moduli! , slope of the lx-,glitness variation 
integrated 0%4' that length." Experimental 
equipment for measuring this quantity is de-
scribed, and it, ipplications to service monitor-
ing and for col, parison ot the performances of 
picture-produk lag equipment are discussed. 

TRANSMISSION 

621.396.61  2922 
A Multichannel Singfe-Sideband Radio 

Transmitter—L. M. Klenk, A J. Munn and 
J. Nedelka. (Paoc. IRE.. vol. 40, pp. 783 - 
790; July, 1952.) Description of a transmitter 
designed for transoceanic communications and 
operating over the frequency band 4-23 mc; 
four telephone channels are available. The 
main feature is the use of a servo system per-
mitting push-button tuning to ;.ny one of ten 
preselected operating frequencies in about 15 
seconds. 

621 .39 6.61:621.396.645  2923 
Amplifiers for Multichannel Single-Side-

band Radio Transmitters  N. Lund, C. F. P. 
Rose and L. G. Young. (Pgoc. IRE., vol. 40, 
pp. 790-796; July, 1952.) Design requirements 
for hi amplifiers with low interchannel modu-
lation and adjacent-band radiation are dis-
cussed. The speech rating of the amplifier is 
most significant, but the tone rating is the 
basis of tube selection; a method for determin-
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V. the relation betwee: • 
—med. Unbalanced en 
'iv- and medium-pow, 
“ticed circuits may ha, 
1..411-power amplifiers. 

two ratings is pre-
' are preferred for 
•1iplifiers, while bal-
' vantage. for some 
.0 2922 above. 

621.396.61:621.396.97 2924 
Remote Control of It ,h-Power Transmit-

ters —(Jour. Brit. M I..  vol.  12, p. 268; 
\oril, 1952.) The new 1 0-kw transmitter at 
1 ,aventry for the BBC t' td program has been 
,i king unattended 8111.  13th January 1952. 
iie transmitter comp  two identical units, 
lose outputs are coil 'led in a circuit that 
;emres no transfer of o VCI' between the two 
, t ions. The switchin • . of the various power 
'optics in the corre t ,i•quence and at the 
rect time intervals  tfected automatically 

' v a system of interl  A relays. Automatic 
• ionitors-11491 of 19 1 Rantzen et al.)] con-
• amously monitor th  iitputs from the two 
et ions and shut do • ii either half which de-

\ lops a fault, special ii ingements preventing 
..inplete stoppage ot r nsmissions as a result 
I a comparatively ii 11 fault. 

( 21.396.619.24 
Single-Sideband 

velope Elimination 
Kahn. (Psoc. I.R. 
I tily, 1952.) The 
he need for costly 
ansmitter. The p 

-ignal is amplified 1 
rs while the af 

t ected and amplifit 
f signal at the fin 
, ate that the perfor 
to or better than tl 
flutter with linear 

021.396.619.24 
Design of Mod 

ern  Single-Sideb 
Kerwien. (Pgoc. 
July, 1952.) The 
of the type using 
wanted sideband• 
balance requiren 
choise of IF, and - 
mission of spuriou 

2925 
1 ransmission  by  En-
ai d Restoration—L. R. 
vol. 40, pp. 803-806; 

• •ii described eliminates 
ar rf amplifiers in the 

'1 component of the ssb 
neans of class-C ampli-

; elope is separately de-
lid recombined with the 
tage. Experiments indi-
ice of the system is equal 
.f the conventional t rans-
uplifter. 

2926 
lion Equipment for Mod-
Transmitters—A.  E. 

E., vol. 40, pp. 797-803; 
nsmitters considered are 
Item to suppress the un-
Factors discussed include 
its,  frequency  stability, 
iethods of avoiding trans-
ignals. See also 2922 above. 

TUBES AND THERMIONICS 

621.314.65  2927 
A High-Volta. , Cold-Cathode Rectifier — 

E G. Linder, J.  Coleman and E. G. Apgar. 
(Pacic. IRE.,  1. 40, pp. 818-828; July, 
1952.) Descripti  and theory are given of a 
mercury-vapor  Ow-discharge rectifier op-
erating with au  -xternal magnetic field; the 
electron paths a; similar to those in a cylindri-
cal magnetron,  it are modified by the use of 
end plates on t  cathode. This rectifier has 
withstood peak mverse voltages up to 40 kv, 
and has been rtni at a peak inverse voltage of 30 
kv for 3,000 he .rs. Operation at temperatures 
between 20° a: I 80°C has been satisfactory. 
1 The upper fre iency limit lies between 120 
1 and 240 kc.  .• also Proc. Nat. Electronics 
Conf. (Chicago  vol. 7, pp. 64 -72; 1951. 

621.314.7:621.396.822  2928 
Barrier-Layer Interaction and Statistical 

Fluctuations in the Three-Electrode Crystal — 
H. F. Matare. (Z. Phys., vol. 131, pp. 82-97; 
December, 1931.) Noise in semiconductors is 
discussed. A particular problem arising in 
transistor operation is the increase of noise 
resulting from the control mechanism. Thisis 
effective over the whole frequency spectrum 
but is conveniently measured at hf. The inter-
action of the st reams of charge carriers originat-
ing at the emitter and collector barrier layers 
leads to a large increase of the statistical fluctu-
ations in the effective resistances. A theoretical 
treatment similar to Richardson's (1391 of 
1950) is used. Interaction phenomena of a 

similar nature are probably present in inter-
stellar noise sources. 

621.383.5:546.28  2929 
Photoelectric Properties of Ionically Bom-
barded Silicon—E. F. Kingsbury and R. S. 
Ohl. (Bell Sys. Tech. Jour., vol. 31, pp. 802-
815; July, 1952.) The first Si photocells were 
cut from bulk Si containing a natural potential 
barrier between n-type and p-type material. 
Later cells were produced by subjecting the 
polished face of wafers about 0.025 inch thick 
to bombardment by positive ions of He of en-
ergy from 100 ev to 30 key, the Si being kept 
at about 395°C. Typical spectral-response 
curves are illustrated and the photon efficiency 
as a function of wavelength is shown for a par-
ticular cell. 

621.384.5:621.316.722:621.396.822  2930 
Peak-Noise Characteristics of Glow-Dis-

charge Voltage-Regulator Tubes—H. Bache 
and F. A. Benson. (Electronic Eng., vol. 24, pp. 
278-279; June, 1952.) Measurements have 
been made on tubes of 15 different types to ob-
tain information about the dependence of noise 
on design and operational factors. Results are 
tabulated and shown in graphs. In all cases 
noise increases as tube current decreases. Tube 
specifications should state approximate limits 
for both peak and mean values of noise voltage 
throughout the current range. 

621.384.5: 621.316.722 : 621.396.822  2931 
Mean-Noise Characteristics of Glow-Dis-

charge Voltage-Regulator Tubes —H. Bache 
and F. A. Benson. (Electronic Eng., vol. 24, 
pp. 328-329; July, 1952.) Results of measure-
ments on six different types of voltage-regu-
lator tube are shown graphically. The curves - 
have the same general shape as in the case of 
peak-noise measurements (2930 above), the 
noise increasing with decreasing tube current, 
the increase becoming very rapid as the region 
of minimum current is approached. The rela-
tion between peak noise and mean noise is 
discussed briefly. 

621.384.5:621.385.5:621.318.572  2932 
The  Development of a Multi-Cathode 

Decade Gas-Tube Counter —G. H. Hough. 
(Proc. M E (London), Part IV, vol. 99, pp. 
177-186; July, 1952.) Full paper. See 2657 of 
October. 

621.384.5 : 621.385.5: 621.318.572  2933 
Some Recently Developed Cold-Cathode 

Glow-Discharge Tubes and Associated Cir-
cuits—G. H. Hough and D. S. Ridler. (Elec-
tronic Eng., vol. 24, pp. 152-157, 230-235 and 
272-277; April-June, 1952.) Construction and 
applications are described of the G1/370 K 
high-speed trigger tube and the multielectrode 
G10/240 E counting tube. See also 784 of 
1951 and 2932 above 

621.385.029.6  2934 
Effect of Thermal-Velocity Spread on the 

Noise Figure in Traveling- Wave Tubes — 
P. Parzen. (Jour. Appi. Phys., vol. 23, pp. 
394-406; April, 1952.) A method of Hahn 
(3521 of 1939 and 537 of 1940) is extended by 
working out a new theory for the diode drift 
tube and traveling-wave tube to include the 
effect of the thermal-velocity spread at vhf. 
Some computations of gain and noise figure for 
a traveling-wave tube amplifier are given for 
conditions met in practice. 

621.385.029.6: 621.396.65  2935 
Two Traveling- Wave Valves for Radio 

Beam Links —(Ann. Telicommun., vol. 7, pp. 
150-204; April, 1952.) A symposium of seven 
papers, abstracts of which are given in 2936-
2940 below, 2892 and 2894 above. 40 references. 

621.385.029.6 : 621.396.65  2936 
Two Travelling- Wave Valves for Radio 

Beam Links: General Results and Technol-

ogy —M. Kuhner and P. Lapostolle. (Ann. 
Telecommun., vol. 7, pp. 155-168; April, 1952). 
A detailed account is given of the investiga-
tions resulting in the production of Type-M8 
and Type-M II tubes, starting from the experi-
mental tubes previously described [2060 of 
1950 (Blanc-Lapierre and Kuhner)]. The two 
tubes are of similar construction, but the en-
velope of the Type-M8 is provided with an 
extra seal assuring a direct contact between the 
output cone and the external circuit. The values 
of the gain and the pass band of both tubes are 
particularly high, 35-40 db and 800-1,000 mc 
for the M8 (8 cm wavelength) and 30 db and 
150-200 mc for the MI1 (II cm wavelength), 
the noise factors being 20 db and 17 db re-
spectively. Simple mounting and matching ar-
rangements facilitate tube changing. 

621.385.029.6 : 621.396.65  2937 
Two Travelling- Wave Valves for Radio 

Beam Links: Measurements and Characteris-
tics —P. Clostre and R. Wallauschek. (Ann. 
Telecommun., vol. 7, pp. 169-172; April, 1952.) 
Results of measurements of gain, output power 
and bandwidth of Type-M8 and Type-Mil 
tubes are presented graphically. Measurements 
of the phase difference between input and out-
put are described and curves are given for a 
Type-M11 tube showing gain and phase shift 
as functions of (a) helix voltage (target current 
constant), (6) target current (helix voltage con-
stant). Normal operating voltages and cur-
rents are tabulated. 

621.385.029.6:621.396.65  2938 
Electron Guns for Travelling- Wave Valves 

[Types M8 and Mill —K. E. Picquendar. 
(Ann. Telicommun., vol. 7, pp. 173-180; April, 
1952.) Electron guns giving a cylindrical beam 
were first studied. In order to improve their 
efficiency, an investigation was made of the 
effect of the axial magnetic field applied; a 
simple method was developed for tracing the 
electron trajectories under the influence of a 
variable electric field and of a constant axial 
magnetic field. Magnetic screening was found 
necessary to reduce the deleterious effect of the 
magnetic field. With parallel-beam guns, the 
very high current density required at the 
cathode resulted in short tube life. To remedy 
this, electron guns giving convergent beams 
were adopted and means provided for prevent-
ing ion bombardment of the cathode. A method 
was devised for tracing approximately the elec-
tron trajectories for convergent-beam guns 
taking account of space-charge effects. Tests 
of the M86 electron gun in a series of tubes 
gave efficiencies of the order of 98 per cent. The 
efficiency of a later type, M88, was satisfac-
tory for a wide range of currents (1-9 ma). 

621.385.029.6: 621.396.65: 621.392.43  2939 
Impedance Matching of Travelling- Wave 

Valves !Types M8 and Mill to Coaxial Lines — 
P. Clostre and R. Wallauschek. (Ann. Tile-
commun., vol. 7, pp. 181-190; April, 1952.) 
An account is given of investigations of 
coupling arrangements, with a detailed descrip-
tion of the capacitive type of mashing unit 
finally adopted, which, in the case of the M8 
tube, has a bandwidth of the order of 1-1.25 
kmc for a swr <1.5. Coupling of the core of the 
70-D coaxial cables to the cylindro-conical fit-
tings soldered to the two ends of the helix is ef-
fected for the MI1 tube by rings surrounding 
the glass envelope. For the M8 tube a series-
parallel type of capacitive coupling is used. For 
a distance of a few centimeters from the ends, 
the pitch of the helix is progressively decreased 
to the value selected for the central section. Sec-
tional diagrams of the coupling units are 
given and also input-impedance diagrams-for 
both types of tube. 

621.385.029.6:621.396.65:621.392.43  2940 
Impedance Matching of a Travelling- Wave 

Valve [Type M11 to a Waveguide —P. Chavance 
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and L. Moutte. (Ann. Tilicommun., vol. 7, pp. 
191-195; April, 1952.) Use is made of the prop-
erties of ridge waveguides in a matching unit 
with bandwidth >600 mc for a swr <1.7. A 
second arrangement permits accurate match-
ing of a series of tubes over two bands, each 
20 Inc wide, centered on 3,640 and 3,920 mc, 
the swr being <1.1, a variable matching unit 
in conjunction with specially designed fittings 
for locating the tube in the fixed matching unit 
enabling the required swr to be quickly 
achieved when one tube is replaced by another. 

621.385.032.24:621.94  2941 
Grid- Winding Lathe —(Electronics, vol. 25, 

pp. 238-242; June, 1952.) Description of the 
process developed by. Standard Telephones 
and Cables by which 1,000 tube grids are 
wound per hour on the new Brimar notch-and-
swage lathe. 

621.385.13:621.396.822  2942 
Low-Frequency Noise Spectra of Hot-Fila-

ment  Low-Pressure  Discharge  Tubes—II. 
Martin and H. A. Woods. (Proc. Phys. Soc. 
(London), vol. 65, pp. 281-286; April, 1952.) 
Measurements on hot-cathode discharges in 
Hg vapor confirm that, as previously reported 
by Cobine and Gallagher (2400 of 1947), the 
noise spectrum is continuous, m ith superposed 
peaks. The upper limit of the spectrum is in 
some cases above 10 mc. The peaks can be 
partly attributed to harmonic components of 
ionic relaxation oscillations. Most of the noise 
from the tubes investigated originated near the 
cathode. 

621.385.2:546.289  2943 
Temperature-Independent Crystal Diodes 

—R. Rost. (Fernmeldelech. Z., vol. 5, pp. 177-
178; April, 1952.) Tests carried out on Ge- W 
diodes, mass produced by a process involving 
temperatures of about 200°C, show that during 
cooling to room temperature the rectification 
factor in most cases becomes constant below 
about 80°C, this property depending on the 
use of a particular method of construction 
which results in diodes with rectification-factor 
variations <I per cent over the range -20° 
to +70°C. 

621.385.832  2944 
Elementary Theory of the Generation of 

Electron Beams by means of Triode Systems: 
Part 2—Intensity and Structure of the Elec-
tron Beam—NI. Ploke. (Z. angew. Phys., vol. 4, 
pp. 1-12; January, 1952.) Langmuir's space-
charge formula is used to develop formu-
las for the beam intensity and the current 
density at different cross-sections. Closed ex-
pressions are found relating aperture angle 
and crossover area with the dimensions and 
operating voltages of the system. Part 1: 2087 
of August. 

621.385.832  2945 
Improved Cathode-Ray Tube for Applica-

tion in Williams Memory System —NV. E. 
Mutter. (Elec. Eng., N. Y., vol. 71, pp. 352-
356; April, 1952.) Description of the IBM-79, 
a 3-inch cr tube of storage type. See also 2258 
of 1949 (Williams and Kilburn.) 

621.396.615.14  2946 
Generation of Oscillations at Centimetre 

Wavelengths —H. Severin. ( Tech. Mitt. schweiz. 
Telegr.-TelephVerw., vol. 29, pp. 466-476; 
December, 1951. In German.) Review of the 
physical principles and the performance of 
disk-seal, retarding-field, magnetron, klystron 
and traveling-wave tubes. 

621.396.615.141  2947 
Space-Charge  Reactance  Tube —L.  E. 

Williams. (Electronics, vol. 25, pp. 166-182; 
June, 1952.) A method of measuring the varia-
tion of grid-cathode and grid-anode capaci-
tance as a function of operating voltage is out-

lined. Applications based on the linear nature 
of this variation are described. These include 
frequency modulation of a llurtley oscillator 
by varying the grid bias of a reactance tube 
and electronic tuning of Id filters. 

621.396.615.141.1  2948 
A Wide-Range Oscillator in the Range 

from 8000 to 15000 hi c/s—R. W. Wilmarth and 
J. L. Moll. (Picot:. I.R.E., vol. 40, pp. 813-817; 
July, 1952.) in retarding-field tubes of the 
general type described by Heil and Ebers 
(2677 of 1950), losses may be experienced in 
extracting the energy. Modifications are here 
described in which the energy is extracted by 
causing the repeller, which is part of the reso-
nant circuit, to radiate into a waveguide. 
Either inductive or capacitive tuning may be 
used; in the latter case the efficiency of the 
oscillator is 2-4 per cent over the frequency 
range, with maximum efficiency occurring near 
the highest frequency. Inductive tuning ap-
pears to have certain intrinsic advantages 
which can be realized after certain mechanical 
and electrical difficulties have been overcome. 

621.396.615.141.1  2949 
Experimental Investigation of the Theory 

of Retarding-Field Oscillations-11. G. Unger. 
(Frequenz, vol. 6, pp. 89-98; April, 1952.) 
Measurements of the dynamic admittance of 
the grid-anode path of a cylindrical retarding-
field tube were made by a resonance method, 
using external excitation at a frequency of 
about 500 mc, damping being applied to pre-
vent self-excitation. The results are presented 
graphically and compared with the theory of 
Gundlach and Kleinsteuber (2389 of 1941 and 
1866 of 1943). Discrepancies between the re-
sults and the theory for planar electrode sys-
tems are discussed. 

621.396.615.141.2  2950 
An Experimental Study of Low-Power 

C. W. Magnetrons having Few Segments — 
E. B. Callick. (Paoc. I.R.E., vol. 40, pp. 836-
843; July, 1952.) Measurements on two- and 
four-segment magnetrons are reported. The 
characteristics differ very little from those of 
multisegment tubes having the same ratio be-
tween cathode and anode diameters, except 
that the efficiency is lower and varies as a func-
tion of that ratio. High efficiency can be ob-
tained if the cathode diameter is relatively 
small. Possible explanations are discussed. 

621.396.615.141.2  2951 
Note on the History of the Development of 

the Magnetron in Germany up to 1945--
K. Fritz. (Arch. elekt. Ubertragung, vol. 6, pp. 
209-210; May, 1952.) 

621.396.615.141.2:621.385.029.6  2952 
Potentials and Electron Paths in Multiseg-

meat Magnetrons—K. Fritz. (Arch. elekt. 
t tertragung, vol. 6, pp. 211-215; May, 1952.) 
Theory is developed for the multisegment mag-
netron considered as a traveling-wave tube. 
A formula is derived for the threshold voltage, 
i.e. the lowest direct voltage for which electrons 
can reach a point in the interaction space in the 
absence of alternating voltage. Good agreement 
is obtained with the value found experimentally 
for the lowest anode voltage at which electrons 
reach the anode of a type-725A magnetron. 
The anode alternating voltage is expressed as 
a function of direct anode voltage and travel-
ing-wave potential. The electrical and mechani-
cal components of energy are evaluated, and a 
first-order second-degree differential equation 
is derived for the mean electron path; this can 
be solved in terms of a sine function. 

621.396.615.142  2953 
Velocity-Modulation Valves for 100 to 1000 

Watts Continuous Output —B. B. van Iperen. 
(Philips Tech. Rev., vol. 13, pp. 209-222; 
February, 1952.) In designing vm tubes for the 
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621.396.615.142:621.396.622.7.029.64  2954 
Velocity-Modulated  Detector- -Robinson. 

(See 2884.) 

621.385.032.216  2955 
The Oxide-Coated Cathode, Vol. 1: Manu-

facture. [Book Reviewl- G. Herrmann and S. 
Wagener.  Publishers: ( hapinan  and Hall, 
London, Eng., 1951, 148 pp., 21s. (Proc. Phys. 
Soc. (London), vol. (t5, p. 165; February 1, 1952.) 
"The book is well produced and illustrated and 
the information is authoritativeand up-to-date." 

621.385.032.216  2956 
The Oxide-Coated Cathode. Vol. 2: Physics 

[Book Reviewl--G. 'fermi:inn and S. Wagener. 
Publishers: Chapman and hall, London, Eng., 
1951, 302 pp., 42s. (Proc. Phys. Soc. (London), 
vol. 65, pp. 165-166; Febtuary 1, 1952.) "The 
publication of an extensive and lucid review 
which brings the subject back into the sphere of 
more general discussions ... will be generally 
appreciated. The present volume is based on 
work first published in Germany in 1944. It 
has since been brought up to date . . . and the 
literature has been covered up to the beginning 
of 1950." See also 2603 of 1951. Vol. 1: 2672 
above. 

001.891:538.569.4.029.64  2957 
University Research in Physics: Part 3— 

Research in Physics at Oxford University— 
J. A. Teegan. (Beama Jour., vol. 59, pp. 81-87; 
March, 1952.) A short account of work on sw 
absorption specioscopy. 

MISCELLANEOUS 

025.45:621.3  2958 
Work of the Electrical Engineering Com-

mission for Universal Decimal Classification 
at  the  Rome  Meeting--C.  Frachebourg. 
(Tech.  Mitt.  5 chweiz.  Telegr.-TelephVerto, 
vol. 29, 1)1). 476 478; December, 1951.) A brief 
account of discussions on proposed modifica-
tions to various portions of the 621.3 classifica-
tion, with emphasis on the proposals for a new 
main section 621.37 dealing with the technique 
of electric waves, oscillations and pulses. 

621.38:001.891:359.4(41)  2959 
Electronics in Naval Research —(Electronic 

Eng., vol. 24, pp. 322-323; July, 1-952.) A short 
account of the organization of the Royal Naval 
Scientific Service, with particular mention of 
the activities of the Admiralty Signal and 
Radar Establislynent H. M. Underwater-Detec-
tion Establishment, and the Services Elec-
tronics Research Laboratory. 

621.396 : 061.3  2660 
I.R.E.-II.R.S I. Spring Meeting, Washing-

ton, D. C., April 21-24, 1952 —(Paoc. I.R.E., 
vol. 40, pp. 738-748; June, 1952.) Summaries 
are given of 71 technical papers presented at 
the meeting. 

621.39.001.11:025.3/.4  2961 
Information Theory and its Application to 

Taxonomy —D.  K.  C.  MacDonald.  (Jour. 
App!. Phys., vol. 23, pp. 529-531; May, 1952.) • 
A possible source of confusion between the 
concept of information content and entropy in 
the theory of information is discussed and re-
solved. Information theory is then applied to 
taxonomy (classification of data) and several • 
models are considered, representing various 
possible methods of filing, with the object of 
determining the optimum size of filing unit ill 
relation to the available data. 

• 


