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Preface to Second Edition

The wide acceptance of the first edition by both service
and engineering personnel made me realize there is a great
need for concise practical information on transistors, tran-
sistorized circuits, and troubleshooting techniques. As a
result, this second edition is expanded in these directions
and includes considerably more material on troubleshooting
PNP and NPN transistors as well as FET’s. Both of these
new sections include useful testers for checking semi-
conductor devices. Also included is new material and a
simplified analysis relating to the emitter follower. The
result of these additions should make this second edition
more useful to those of us dealing with electronics on a
regular basis.

GEORGE C. STANLEY, JR.



Preface to First Edition

This book should prove useful to persons with many
different backgrounds. Anyone having a superficial knowl-
edge of transistors, for example, will find that the book
transforms this knowledge into a working capability. The
technician or engineer engaged in the maintenance of tran-
sistorized equipment will find the book to be an excellent
source of practical information. Finally, the technical insti-
tute or college student taking a first course in transistors
will find that this material forms a truly worthwhile supple-
ment to any textbook he might be using.

Perhaps the most useful feature of this book is the
development of a simplified approach to transistor circuit
analysis. By using this approach, the reader will be able
to determine by inspection the values of such quantities as
voltage gain and current gain with an accuracy of =10
percent. Accuracies of this order are adequate for almost
any practical situation.

Because the several approximations used in developing
the simplified analysis technique are, of necessity, based on
the operating characteristics of present-day transistors,
slight changes are bound to occur in coming years. To
keep the book from becoming obsolete at that time, a table
of exact expressions plus a set of rule-of-thumb formulas
are presented in appendices.

In the preparation of this material many helpful sugges-
tions were offered by Ben O. Lange. These suggestions were
the result of a course in transistors he taught at Foothill
College, Los Altos, California. Special thanks also go to Pat
Lynch for her editorial help and to Ernie Bennett and
Vera Vacek for their artwork contributions.

GEORGE C. STANLEY, JR.



© 0 3 & Ot A~ W N =

bt d
- O

Contents

Preface to Second Edition
Preface to First Edition
Symbols

Introduction .. ... ... ... . .. ... . .. ... ... .
Transistors and Diodes .. ... .. .. .. .. =
Leakage Current, Stabilization, and Biasing . . .. .
Amplifier Action . .. . .. ... ... ...
The H-Parameter Equivalent Circuit === ===
Simplified Circuit Analysis .. = . . ..
Feedback ... ...... . ... ... ... ... .. ...
Other Semiconductor Diodes ... .. .. . =~ . .
Special Devices ... ... ... . ... ... ... ...
Handling Transistors .. ==

Troubleshooting Techniques == = = =

vi
1z

13
25
33
38
51
57
70
87
90

109

. 112
. 116



—

Symbols

A-c voltage gain of transistor circuit

A-c current gain of transistor circuit

Power gain for transistorized circuit

For practical purposes, the same as hy.

For practical purposes, the same as hgy
Transconductance of field-effect transistor
Transistor d-c forward current gain for common-
emitter configuration

Transistor a-c short-circuit forward current gain
for common-emitter configuration

Transistor a-c¢ short-circuit input impedance for
common-base configuration

Transistor a-c short-circuit input impedance for
common-emitter configuration

Transistor a-c short-circuit output admittance for
common-emitter configuration

Transistor a-c¢ short-circuit reverse voltage gain for
common-emitter configuration

Instantaneous a-c value of base current
Instantaneous a-c value of collector current
Collector-base leakage current (with emitter open)
Same as Iopo

Drain-to-source current with zero volts between
gate and source



X SYMBOLS

Igss Leakage current in an FET between gate and source
with drain and source shorted together

r. A-c emitter resistance in “r”’ parameter notation
Rps Drain source (channel) resistance in an FET

R, A-c input impedance of transistor circuit

R, A-c output impedance of transistor circuit

S Current stability factor

T.C. Temperature coefficient
Veo D-c value of supply voltage



CHAPTER 1

Introduction

Transistors started to appear on the market about 1951,
but the performance capabilities of the early devices, in
comparison to vacuum tubes, left much to be desired. The
technology has improved to such an extent, however, that
the transistor has now replaced the vacuum tube in most
applications and this trend continues. Thus, an understand-
ing of transistors is essential to the modern electronics
technician and engineer.

In common with other technologies, certain terminology
i1s assoctated with transistors and an understanding of this
terminology is necessary before we can proceed further.

1.1 Transistor Terminology

Electron: This small negatively charged particle is most
important in semiconductor operation. We are interested in
the electron in one of two states: (1) bound in the lattice
framework of a material, or (2) free of the lattice and able
to flow through the material as current.

Hole: In a semiconductor material at room temperature,
a crystal lattice structure always has imperfections where
electrons should be. If this were not so, and all electrons
were in place, the lattice would be perfect and would be

1



2 TRANSISTOR BASICS

electrically neutral. However, when an electron is missing
there is a localized positive charge at the point of imperfec-
tion. It is this imperfection in the lattice, having a positive
charge just equal to that of the electron, that is called a
hole. These imperfections (holes) can be formed by heat
energy, light energy, electric fields, random behavior of the
lattice, or, as we will see, by doping.

Doping: The fundamental process of doping introduces
impurities into the lattice structure that are compatible
with the existing lattice, However, the impurity atoms dif-
fer slightly from the lattice atoms in that they either have
one extra or one less electron in their valence band (i.e.,
the valence electrons that form the lattice). Thus, through
doping, we can create a lattice that has a few holes or a
lattice that is completely full with free electrons left over.
If the material has been doped to have extra electrons it is
called N-doped. If it is doped to have holes, it is called
P-doped.

In the above discussion, one item has not been men-
tioned: even after doping, the material is still electrically
neutral. This may not be immediately apparent when we
are doping with N or P materials. The answer is that the
doping materials are themselves electrically neutral. When
arsenic is used to N dope a semiconductor, for example, the
negative charge of the extra electrons is just counter-
balanced by the positive charge existing within the nucleus
of the arsenic atoms.

Majority Carrier: This is most easily explained with an
example. A free electron in an N-doped semiconductor is a
majority carrier.

Minority Carrier: Using the same example as above, an
N-doped semiconductor, a hole in the lattice structure is a
minority carrier. This hole most likely would be created by
the thermal energy at room temperature breaking a bound
electron loose from the valence band leaving a hole. In
summary, an electron in N material is a majority carrier,



Introduction 3

an electron in P material is a minority carrier, a hole in
P material is a majority carrier, and a hole in N material
is a minority carrier.

Stored Minority Carriers: All previous terms are neces-
sary to adequately explain this term. It is either stored
minority carriers or the lack of them that dominates the
behavior of most diodes including step recovery diodes,
PIN (positive-intrinsic-negative) diodes, hot carrier de-
vices, high conductance diodes, and just plain PN diodes.

An example of a stored minority carrier is an electron
finding itself in P material when a diode is reverse biased.
Simply put, it is the wrong particle in the wrong place at
the wrong time.

One way in which stored minority carriers can become
troublesome is shown in the simple transistor circuit of
Fig. 1-1. Here the positive-going waveform applied to the

h

~N

TURN OFF
re— DELAY

B I

Fig. 1-1. The effects of minority-carrier storage.

base of the transistor at time t; turns on the emitter-base
diode and pulls many electrons into the base region. Actu-
ally, more electrons are drawn into the base than can
continue into the collector.

This condition is about the same as that which occurs
when there is heavy air traffic into Los Angeles, Chicago,
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or New York City on a late Sunday afternoon. More air-
craft are entering these areas than can land, and the air-
planes stack up over the cities. This is just what happens
in the base of our NPN transistor. Because of the high
forward bias, many electrons move from the emitter into
the base; so many in fact that they stack up in the base
waiting to get into the collector. These electrons are major-
ity carriers in the emitter, but when they move into the
P-type material base they become minority carriers. If
these carriers have to store in the base waiting fo get into
the collector, they are stored minority carriers. When the
base bias is finally turned off at time t,, these stored minor-
ity carriers (just like the stacked airplanes) move into the
collector. After enough of them have moved into the col-
lector, the transistor begins to move out of saturation
(time t3), and starts to turn off. Obviously, the output pulse
is not a true representation of the input pulse and the dif-
ference (turn-off delay) is due to the stored minority car-
riers (electrons) in the base (P) material. The behavior
of stored minority carriers is the key to diode performance.
To produce certain characteristics, carrier storage can be
minimized (with a switching diode), maximized (with a
PIN diode), controlled (with a step recovery diode), or
virtually eliminated (with a hot carrier diode).

Lifetime: (7) This is the time a minority carrier sur-
vives; i.e., it is the average time an electron can last in
P material and the average time a hole can last in N mate-
rial. Being more specific, it is the period of time it takes
for 63 percent of the minority carriers injected across a
junction to recombine. Actual values are highly dependent
upon the amount of doping and can easily vary by a factor
of 1000. Lifetime is important as it determines how fast
a diode can turn off.

PN Junction: A PN junction is created when N-doped
and P-doped materials are tightly bonded together into a
single crystalline structure. Immediately after contact is
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made and right along the junction, electrons from the N
material start falling into all the nearby holes in the P
material. This action depletes the region of free carriers
right at the junction and forms a depletion region as shown
in Fig. 1-2. Note that in the region of the junction the
N material acquires a slight positive charge and the P
material a slight negative charge. This junction-charge
difference creates a barrier potential and comes about
because both P and N sections were neutral before joining.

LOSES HOLES ACQUIRES
NEGATIVE CHARGE

Te s o o o
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:—0.0 . - :
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ACQUIRES POSITIVE (LE., FEW FREE CARRIERS)

)
t
'
|
*
= ———
[}
*
o
o

CHARGE {A) ZERO BIAS
= =Ty %, - - + N P
¢ . Sl 1%e v
- N OEMe P, - —
‘- i =t 1l ¢ e - - 1 -
hd had -‘:I‘L.
it
[

T
i - :
=N ¢! HER R e
= _ t
I-‘.."_ P | | —e :0‘] -
e - L - * &
ol Pt

(C) REVERSE BIAS

Fig. 1-2. Depletion region resulting from (a) joining
P- and N-type materials, (b) applying forward bias,
and (c¢) applying reverse bias.

The formation of the barrier is a self-limiting operation,
since the greater the hole-electron flow, the greater the
junction potential difference and the more difficult it is for
an electron or hole to cross the barrier.

In forming the barrier, the electrons can be thought of
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as rolling down the potential hill, and the holes as floating
up the hill. This can be visualized if you think of a water
filled tube with marbles at one end and bubbles at the
other. Start tipping the tube (formation of barrier) and
the marbles (electrons) roll down the hill while the air
bubbles (holes) float up the hill.

When forward bias is applied to a PN diode, as shown in
Fig. 1-2B, electrons in the N material and holes in the P
material are pushed toward the barrier (depletion region).
Two things happen: the depletion region is made smaller
and the barrier height is reduced. This combination of
events produces current.

When reverse bias is applied, as shown in Fig. 1-2C,
electrons in the N material and holes in the P material are
drawn away from the depletion region. This action causes
both the depletion region and the barrier to become larger
and current essentially ceases.

If a barrier potential is created at a PN junction, it
might seem strange that no current exists when a wire is
connected between the ends of the diode. The answer lies
in the junction potentials between the wire and the diode.
The algebraic sum of all three potentials is zero; therefore,
the net current is zero.

Another way of examining the PN junction is to use the
concept of the energy level diagram shown in Fig. 1-3A.
Energy (thermal, electrical, light) can give a valence elec-
tron enough energy to cross the forbidden energy gap and
get into the conduction band. When this happens both a
hole and electron are free to move. When the energy input
is removed, some electrons fall back into the valence band.
When they do, they give up energy and this is the key to
semiconductor light sources. The width of the energy gap
is adjusted to cause electrons to give up light energy as they
fall back across the gap. The energy level diagram of Fig.
1-3A is for an intrinsic (pure) semiconductor. Similar
diagrams are shown for a metal, an insulator, and a doped
(extrinsic) semiconductor, respectively, in Fig. 1-3B. In
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Fig. 1-3. Energy level diagrams for (a) an intrinsic
semiconductor and (b) for a metal, an insulator, and
a doped semiconductor, respectively.

the case of metal, notice that the valence and conduction
bands overlap. This indicates an abundance of free charge
carriers. In the insulator, very few free charges exist and
the width of the forbidden region (gap) is great. In the
doped semiconductor, there are fewer free charge carriers
than in a metal, but more than in an insulator. Thus, the
width of the forbidden energy gap is greater than that
associated with a metal, but less than that of an insulator.

1.2 Summary

Special attention has been given to minority carriers
and minority carrier storage. The importance of these
terms cannot be overemphasized as the presence or lack of
minority carriers governs the behavior of all semiconduc-
tors. Because minority-carrier storage limits frequency re-
sponse and switching speed, PNP and NPN transistors may
eventually decline in popularity and be replaced by other
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devices that are free of minority carriers., Only two semi-
conductor devices that are in general use operate without
minority carriers; viz, the field-effect transistor and the hot
carrier diode. Both devices are examined in some detail
in later sections.



CHAPTER 2

Transistors and Diodes

2.1 Transistor Types

Present transistors are NPN and PNP. The schematic
symbol for each type is shown in Fig. 2-1. These two types
are easy to identify because the arrow always points
towards the N material.

(A) (8)

Fig. 2-1. Transistor types: (a) PNP and (b) NPN.

2.2 Conventional Current vs. Electron Flow

Before going further, it is probably best to decide if we
will use conventional current, from positive to negative in
the external circuit, or electron flow, from negative to
positive in the external circuit. Conventional current is
illustrated in Fig. 2-2A and electron flow in Fig. 2-2B.
This is purely a matter of choice, but once the choice is
made, we should be consistent. Conventional current has

9



10 TRANSISTOR BASICS

Fig. 2-2. The direction of (a) conventional current and
(b) electron flow.

been the classic approach (note that it is in the direction
of the arrows on the transistor symbols in Fig. 2-1). Elec-
tron flow has been adopted by the military. However,
almost all transistor books have been written using con-
ventional current and that notation is adopted here.

2.3 The PN Diode Junction

The heart of a transistor is the PN diode junction be-
tween the transistor emitter and base. To better understand
transistor operation, it may be helpful to examine silicon
and germanium diodes. The V-I characteristic of each type
is shown in Fig, 2-3.

Notice that neither germanium nor silicon diodes conduct
appreciable current until a certain minimum forward bias
is reached; approximately 0.15 to 0.2 volt for germanium
and 0.6 to 0.7 volt for silicon. Using this information and
measuring a transistor’s emitter-base potential can tell a
great deal about transistor behavior. If, for example, a

Ge ,Si

0.2 06 v

Fig. 2-3. V-I characteristics for germanium (Ge) and
silicon (8i) diodes.
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germanium transistor had 0.15-volt forward bias on its
emitter-base junction, it would be lightly biased in the
forward direction and probably draw 1 to 2 mA of collector
current. In a similar manner, 0.6-volt forward bias across
a silicon transistor emitter-base junction would turn the
transistor on lightly.

2.4 Temperature Effects

A germanium diode, with a forward-biasing voltage ap-
plied, is shown in Fig. 2-4A. Under normal conditions, the
voltage drop appearing across the diode is approximately
0.15 volt.

10K
oV = 1oV =

,c. DIODE m
~. A 0.15VOLT

(A} (8)

I+
o
P

Fig. 2-4. Diode behavior with temperature variations.

When heat is applied to the diode, as shown in Fig. 2-4B,
the diode tries to conduct more but the circuit current, for
all practical purposes, is determined by the 10K resistor.
Since the resistance of the diode decreases, however, the
voltage appearing across its terminals also decreases.

The application of heat to any forward-biased diode or
transistor produces the same effect. The resistance of the
diode or transistor decreases as it tries to conduct more.
When voltage decreases with increasing temperature, the
circuit is said to exhibit a negative temperature coefficient
of resistance.

In the case of a reverse-biased diode, the application of
heat again makes the diode try to turn on harder. Since
the diode is reverse-biased, however, its impedance is very
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high and this impedance acts to limit circuit current. As
the temperature increases, current through the diode in-
creases, but the diode impedance is only slightly reduced.
As a result, the voltage across the diode goes up, and the
circuit is said to exhibit a positive temperature coefficient
of resistance.



CHAPTER 3

Leakage Current, Stabilization,
and Biasing

We have seen how heat affects diode performance. Heat
has a similar effect on transistors. In both cases, the heat
tries to make the device conduct more (turn on harder).
Since heat plays such a large role in transistor perform-
ance, it is worthwhile to examine this effect and what can
be done to minimize it.

3.1 |, (Leakage Current)

A common-emitter amplifier, using a PNP germanium
transistor and conventional biasing, is shown in Fig. 3-1.
The emitter-base junction is forward biased and a reverse
bias is applied to the collector-base junction. The biasing
conditions between the collector and base are further illus-
trated in Fig. 3-2. Under these conditions, a leakage (re-
verse) current, termed Icn, or, simply, I¢,, exists from
collector to base. This current is indicated in the diode
characteristics of Fig. 3-3. A second leakage current,
termed Iogo, exists between the collector and emitter. Cur-
rent Icyo is larger than Iy by a factor about equal to the
current gain of the transistor.

The simplest form of biasing is shown in Fig. 3-4. Since

13
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Fig. 8-1. Common-emitter amplifier.

e

-2V -1.3v

Fig. 3-2. Bias conditions.

Fig. 3-3. PN diode characteristics.

the emitter-to-base junction is forward biased, the tran-
sistor is conducting.

Remember the base-collector is a reverse-biased PN
junction and I, is the reverse-biased leakage current,
which increases as temperature increases (a law of
nature). Where does this current go? As shown in Fig. 3-5
current I, must pass through the forward-biased emitter-
base junction and then across the reverse-biased base-
collector junction, This extra current through the emitter-
base junction acts just like a signal current. The transistor
turns on harder and this increases the temperature of the
transistor due to power dissipation. This extra heat causes
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Ico to increase still more and the process noted above is
repeated. There is now positive thermal feedback, which
often continues until the transistor is destroyed. This
destructive condition is called thermal runaway. The solu-
tion to this problem is to prevent the emitter-base bias from

vz

Fig. 3-5. Leakage current path.

changing because of changes in I, This can be accom-
plished by having base bias independent of collector bias;
i.e., by using a second battery.

Alternative circuit arrangements are shown in Fig. 3-6.
Unfortunately, both arrangements are wasteful in terms of
power consumption and some compromise must be reached.

3.2 Stabilization

Two important questions in transistor operation are: (1)
Is the circuit temperature stable? (2) How can the proper
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AAA
VWA~

]

re

180
1

AAA

Fig. 3-6. Alternative biasing circuits.

biasing network be selected for both temperature stability
and the desired operating point?

Obtaining exact stability information has always been
rather difficult. To determine if a device is thermally stable
is best handled by graphical analysis but this is a rather
time-consuming process. Fortunately, two factors brighten
the picture considerably. First, a great deal of information
about stability can be obtained by using the so-called cur-
rent stability factor S. Second, with the advent of silicon
surface-passivated transistors, the problems of I¢zy and
thermal runaway are greatly reduced. For example, silicon
surface-passivated transistors have a typical I¢zo that is
1/100 or 1/1000 of Icpe for germanium units.

The current stability factor:

Al
A Iggo
is a measure of how much I varies when I¢g, varies. Since

we do not want I to change more than the change in Iggo,
it would be desirable to have S = 1. The formula for S is

S =

S . RE + RB
- RE + RB/(hFE + 1)
where hy; = Io/Iz and can be obtained from a manufac-

turer’s data sheet.
For the circuit shown in Fig. 3-7,

S — Re + (R.Rp)/(Ra 4+ Ry)
— Re + [1/(hre + 1)] R,Ry/(Ra 4 Ry)
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As previously mentioned, the value of S under ideal con-
ditions is 1. From this it follows that S under worst-case
conditions is equal to 1 4 hyi. An S of 10 to 20 is very good,
S of 5 is excellent, and an S of 1.1 is outstanding. Taking
hyx a8 100 is often a very realistic choice.

Ry

AAA
\ 4

RaRo |
Ra+Rp

i+

< RE

Fig. 8-7. Conventional biasing.

Now consider the simple circuit of Fig. 3-8. If hyg = 100,
Rs = R, since R, is not in the circuit. Also Ry = 0. Under
these conditions,

04 Rg
S = =1+ hgg ~ 100
0F Re/(L+ B - T 70®
From a stability point of view, the circuit of Fig. 3-8 is
very unsatisfactory and should not be used unless the ambi-
ent temperature is regulated and the transistor is not
working near its maximum values.

il

Fig. 8-8. Simple bias circuit with R, = 0.
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The use of emitter bias is shown in Fig. 3-9. Assuming
hl“E = 100,

1K + 600K __ 600K
1K + 600K/100 — 7K

This represents little improvement over the circuit of Fig.
3-8. Thus, emitter bias, by itself, should be used with great
care.

S = ~ 8b

| 5K
S;GOOK

Fig. 3-9. Biasing with emitter feedback.

The arrangement of Fig. 3-10 is the most popular form
of biasing and gives a stability factor that is satisfactory
over a fairly wide range of temperatures. Using the values
indicated,

g__ 1K4+9K 10K
1K + (9K/100) — 1.09K
| Ro. 4.7K
E;IOOK
R9K | Rp
210K Re
9 IK

Fig. 3-10. A very popular form of biasing.
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The circuit of Fig. 3-11 uses a form of biasing that is
popular for some portable radios. It offers fair stability
with minimum battery drain, and provides a certain
amount of current feedback, which tends to stabilize the
cireuit gain.

Using the values shown in the illustration,

R: + Ry 6K -4 400K

S = R TR/ T+ b ~ 6K+ (400K/100) ~ *°
SR =5K $ 400K
1’ ‘b
:E4oox +[15v :u.w
hegt100 | _ IK T
1K 5K

Fig. 3-11. Biasing with collector feedback.

The circuit shown in Fig. 3-12 will be considered in more
depth later, but the stability factor is calculated here to
show how a fairly sophisticated circuit is analyzed.

To find the value of S, the circuit is first redrawn as
shown in Fig. 3-13A. The 10K resistor in the emitter lead
is then split in terms of its relative contributions to base
and collector biasing, respectively. This is indicated in Fig.
3-13B by the presence of resistances Rx and Ry.

Now, since I is normally much smaller than I, let us
assume that I, = Iy and that the bias divider current,
termed Iy, is approximately 101y, Then, if hyy = 100,

IE = IC
= 100Ip
and Ic ~ 101131)
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>
E:IOK
! —o0
o 1
\% = 20v
{ $560
220k
Sk ¥
32K i00uF
o

Fig. 8-12. Bias circuit for achieving a good stability
factor.

i+
.
N
(=3
x
-
W
(]
x
|-

< > <
g0k E;Rx E;RY
(A} (8)

Fig. 8-18. Redrawn version of Fig. 3-12.

Therefore, Ig = 10Ip

Thus, emitter current through the 10K resistor is 10
times the remaining current into the divider. One last re-
quirement can now be met; viz, if the voltage drop across
Ry is the same as across Ry, there is no current through
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the short and it can be removed. From the above it can be
seen that

_ RzRy
Rx =10Ry and Rt R, = 10K
or (10Ry) (Ry) _
TR, 7 Ry — 10K

Therefore, Ry — 11K and Rx — 110K.

Having determined values for Rx and Ry, we can redraw
the circuit of Fig. 3-13B as shown in Fig. 3-14A. Finally,
by combining the series-connected resistor with the base

|

p
210K =Ry

(A) (8)

Fig. 8-14. Further refinement of Fig. 3-12.

and emitter leads, respectively, we arrive at the circuit of
Fig. 3-14B. Using this circuit, which is accurate from a d-c
point of view, we can calculate the value of S.

S _ RE + RB
™ Rg + Re/ (1 + hgx)
13K 4 50K
— 13K 4 50K/100
= 4.6

(When measured in the laboratory, the S for this circuit
was found to be 4.3.)
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3.3 Biasing

A diode may also be used to stabilize the operation of a
transistor circuit, as shown in Fig. 3-15. In this circuit, an
increase in temperature causes a decrease in voltage across
the diode. As a result, the forward bias on the transistor
decreases and this compensates for the tendency of the
transistor to conduct more than it did at the lower tem-
perature. This particular configuration provides only par-
tial compensation as the bias divider stick behaves some-
what like a constant-current source. Consequently, practi-
cal diode-compensation circuits are usually more complex.

~Vee

Wy—
AAA.
VW

AAA,

VWV

O

—0

¢

Fig. 8-15. Diode stabilization.

It is often desirable to calculate either the collector cur-
rent for a given circuit arrangement or the values of bias
resistors needed to produce a specific I.. Fortunately, these
calculations are easy to make.

Consider, for example, the circuit of Fig. 3-16. Suppose
the transistor is a PNP germanium unit having an hgg of
100. Notice that h,., = Ai./Ai, and is an a-c quantity. Here-
tofore, we have used the d-¢ quantity hyg = Ic/Is. Now,
suppose we have to determine the values of Ry for collector
currents of 1 and 2 mA, First, let us determine Ry when
IC = 1 mA.

The value of Vi for a germanium unit having I = 1 mA
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5K

ov =

J
U L,

h-X 4 ]

DN

Fig. 8-16. Circuit used in determining value of R,

is approximately 0.2 volt, and, for practical purposes, is
disregarded. Under these conditions, the voltage drop
across Rg is 10 volts. For simplicity, this voltage drop is
here indicated by the letter symbol Vj.

The solution is now a simple exercise in Ohm’s law and
noting that the a-c current gain h,, is approximately equal
to hye

Vi
R~ {/hn,
10
=~ 0.001/100
10 x 100

0.001 -

=~ 1MQ

=

When I = 2 mA,
R 10 < 100
b 0.002
=~ 500K

As another example of how to calculate the values of bias
resistors for a specified I, refer to Fig. 3-17. Assume a
germanium transistor with h,, = 100 and I = Ig. Our
problem is to determine the values of resistors R, and R,
with Ic = 1 mA. We will also calculate the current stability
factor S.

Since hﬁ. = 100 and hg., = hpg,

Ic 0.001

=

IB= hpg 100 R:IOF.A
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The emitter voltage is
Ve = IgRg = 0.001 < 1000 = 1 volt

and the base voltage, therefore, is approximately 1.2 volts.

A'
=
haTal

- I00uF

—d

Fig. 8-17. Circuit for calculating bias resistor with a
specified I,

If, for ease of calculation, the voltage divider bias stick
current drain is made 1015, the loading effect of Iz can be
neglected and

Vg 1.2

Similarly, R, ~ % — 100K
Finally, S = R TR/ br)
K4+ UK

~ 1K + 11K/100

If I is the desired quantity, as it often is when A, the
voltage gain, and R,, the input impedance, are involved, the
problem can be solved in reverse. That is, neglecting base-
current loading effects, find Vg. Next, subtract the 0.2 V for
Geor 0.6 V for Si and find V. Ig, which is approximately the
same as I, can be found directly by dividing Vg by the
resistance in the emitter circuit.



CHAPTER 4

Amplifier Action

4.1 Why a Transistor Can Amplify

For purposes of explanation, an NPN transistor is con-
sidered. To understand how the transistor amplifies, there
are three factors to keep in mind:

First, a carrier leaving the emitter enters a very narrow
base. Because the base is so narrow, the probability of
carrier recombination in the base is greatly reduced. Con-
sider, for example, an electron leaving the emitter of an
NPN transistor. When the electron enters the P-material
base, it becomes a minority carrier and the probability that
it will fall into a hole is quite high; however, the base is so
narrow that most of the electrons find they are through
the base region before they have had a chance to recombine.

Second, in an NPN device the percentage of electrons in
the emitter is much greater than the percentage of holes
in the base, This factor, coupled with the thickness of the
base, makes it even easier for an electron to cross the base
region without recombining.

Third, there is a strong accelerating field coming out of
the collector.

Because of these three conditions (i.e., narrow base, rela-
tively low doping in the base, high collector field), 95 to 99
percent of the electrons leaving the emitter of an NPN
transistor will enter the collector. The 1 to 5 percent that

26
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recombine in the base become part of the base current. The
rest of the base current is made up of carriers that are not
swept out of the base by the field coming from the collector.

We can further clarify transistor action by taking the
process step by step. Assume the emitter-base junction of
an NPN device is forward biased and the collector lead is
momentarily opened. The emitter-base potential estab-
lishes a certain emitter-base current, When the open col-
lector is reconnected, the combination of a narrow base,
and the positive field coming out of the collector attracts
95 to 99 percent of the electrons to the collector. If nothing
else happened, the base current would fall to about 2 per-
cent of its original value. However, the emitter-base junec-
tion is a diode and must pass the current dictated by its
bias conditions. Instead of the base current falling, it stays
constant and, due to the previously described action, the
collector current rises to a much higher value. The ratio
of this d-c collector current to the d-c base current is called
hgg or B4 A typical value of hgg is 100 for a small-signal,
low-frequency transistor although it may vary from near
30 to over 200. Since variations in base current show up as
similar variations in collector current, and since the col-
lector current is always larger than the base current, the
device 1s said to have gain (amplification). If an input
signal is applied to the base-emitter junction, a larger out-
put signal can be taken between the collector and emitter.
This configuration is called a common-emitter (CE) circuit
and is characterized by having both voltage and current
gains.

It should be noted that if the base of an NPN transistor
is not connected to a potential, the base region is wide
enough to prevent most electrons from flowing directly
from the emitter to the collector. The emitter-base circuit
is needed to get the electrons into the base where they can
come under the influence of the collector field. That is, the
emitter-base bias starts the electrons on their journey and
the collector field finishes the job.
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If PNP devices are used instead of NPN devices, the logic
is the same but the carriers leaving the emitter are holes
instead of electrons.

4.2 Graphic Analysis

To see what is happening in a transistor stage, the most
important area to examine is the base-emitter junction.
If the base-emitter diode is forward biased, the transistor
is conducting (on). If it is heavily forward biased, it may
be saturated (essentially a closed switch). If the base-
emitter junction is reverse-biased, the transistor is non-
conducting (cut off).

If a germanium transistor is lightly forward biased, e.g.,
1-mA collector current and 0.2-V forward bias on the
base-emitter junction, the transistor stage is acting as an
amplifier. Consider the common (grounded) emitter circuit
shown in Fig. 4-1.

Fig. 4-1. Common-emitter operation.

If collector current I is plotted as a function of col-
lector-to-emitter voltage (V¢g), a set of curves similar to
those shown in Fig. 4-2 is obtained. These curves are ob-
tained by point-to-point plotting or by using a curve tracer.
Note that Al > > Al,. Thus, the a-c current gain is greater
than unity.

Now, to consider the CE configuration as an amplifier,
refer to Fig. 4-3. To simplify the illustration, all compo-
nents used for stabilization of the operating point are
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omitted. Notice that

Vee = VCG - icR'L

T —Vee VCC

or 1. = RL ——-RL
__ 1 Ve
_ RL Vee + RL

Of course, i, and v, are variables and V¢ and Ry are
constants.

] ig* 60LA
6 ig*40uA
I IN mA
4 ig* 20uA
2 :
o ~—————— ig* 0. 1ce0¥Blco
3 5 10 15 20 25

Veg IN VOLTS

Fig. }-2. Common-emitter characteristics.

Fig. }-3. A simple CE arrangement.

Since there are no squared or cubed terms in the final
equation noted above, it is the equation of a straight line.
Two points define this line; viz., Veo/Ry and Veo. Refer to
Fig. 4-4.

We now have two equations for i.: the straight-line
equation illustrated is Fig. 4-4, and an equation charac-
terized by the curves of Fig. 4-2, with i, a function of v,
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Vee /—LOAD LINE
RL SLOPE » -
4 SLOPE * Ry
/- V INTERCEPT
[o)
(o] Vcc Yoo

Fig. 4-4. Constructing a load line.
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and Iz. The two equations can be solved graphically, as
shown in Fig. 4-5.

With the load line directly on the collector family of
curves, note in Fig. 4-6 how the operating point moves as
i, is varied. The solution point (operating point) moves
along the load line and satisfies both equations as i, is

Fig. 4-6. Load line superimposed on characteristics.

rlc"(Vg.)

Ia *40uA

I OPERATING POINT

*Q" POINT

[ Vec
/_ 'Icl Rch-r RL
LOAD LINE

Vee

B b e e e e

¢ - Vee

Fig. 4-5. The operating (Q) point.

Ie

N Vee/ry Ig* 60uA

6 Iy * Ia = 40}‘.‘

(mA) »
4 4 - Ig= 20uA
Ig=0
o v L) L4 L v
0 4"t Y2 12 ' ~vccreV CE
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varied. Notice that, in this example, a change of 20 pA in
base current changes v, by about 4 volts.

4.3 Characteristics of Transistor Circuits

There are three transistor configurations used in prac-
tice; namely, the common-emitter, common-base, and com-
mon-collector (emitter-follower) circuits.

The most commonly used arrangement is the common-
emitter circuit shown in Fig. 4-7. This is the only circuit
configuration with both voltage and current gains greater
than unity. Accordingly, it has the best available power
gain. It is also the only circuit configuration that provides
phase inversion; that is, a positive-going input signal ap-
plied between the base and emitter appears as a negative-
going output signal between the collector and emitter.

INVERTED
ouTPUT
INPUT
SRRl T_"]‘—L SiGNAL _ —
o— ,L 0

Fig. 4-7. The CE amplifier as an inverter.

Probably the next most widely used circuit configuration
is the common-collector (emitter-follower) circuit, Fig. 4-8,
which has good current gain, high input impedance, low
output impedance, and no phase inversion. The most com-
mon application for this circuit is impedance matching;
for example, the output impedance can be made low enough
to drive a speaker coil directly, or two emitter followers in
series can produce an input impedance of several megohms.

The common-base circuit configuration, Fig. 4-9, has low
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input impedance, high output impedance, very good volt-
age gain, and current gain less than unity. Like the com-
mon-collector, it does not provide phase inversion.

+Vee
ouTPUT _I—l_
—
TIME
— o
weor L
— SR
TIME $7E
O~ O

Fig. 4-8. The common-collector (emitter follower)
circuit.

Ru
LIS i OuTPUT I I
TIME—» TIME—
o l v

Fig. 4-9. The common-base circuit.

HIGH
</
MEDIUM
—
‘\
LOwW

Fig. 4-10. General impedance characteristics.

The resistors and capacitors associated with a transistor
circuit have a direct bearing on the various impedance
levels around the transistor. In general, however, the impe-
dance levels are as is shown in Fig. 4-10.
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All circuit characteristics are summarized in Appendix
1, which shows rule-of-thumb formulas.

4.4 Summary

Two different techniques have been used to show how a
transistor amplifies. Neither is useful, however, to quickly
predict the amount of gain in a circuit. The next chapter
gives the necessary background to develop rapid techniques
for circuit analysis.



CHAPTER 5

The H-Parameter
Equivalent Circuit

To accurately predict the behavior of a transistorized
circuit it is easiest to simulate the transistor with a model
consisting of voltage and current sources and resistors, If
the model is an accurate representation of the transistor at
the frequencies of interest, then it should be a fairly simple
matter to predict the voltage gain (A.), the current gain
(A,), the input impedance (R;), and the output impedance
(R,). The hybrid (h) parameter model does this quite well
at medium and low frequencies.

5.1 The HParameters

Any amplifier, whether a single stage or a complete cir-
cuit, can be considered as a black box that has two input
terminals and two output terminals, as shown in Fig. 5-1.
The quantities, I;, I, V;, and V, are measured at the input

Iy —» - I,
o i)
g g
[0 o —— 0

Fig. 5-1. The black-box concept.

33
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and output terminals, with I, and I, both considered posi-
tive (flowing inward) so that specification of input or
output does not alter the analysis. Knowing the values of
these circuit quantities, we can specify the performance of
the circuit.

In the analysis, two quantities are taken as independent
variables. The choice of which two quantities are considered
dependent variables and which two are considered inde-
pendent variables is arbitrary, but it is this choice that
determines the form of the equivalent circuit.

Suppose the black box of Fig. 5-1 contains a transistor
amplifier in the common-base configuration, and we select
emitter current i. and collector-to-base voltage v., as the
independent variables. We can write the general equation:

Ve = f (ie: Vcb)
and ic =f (ie’ Vcb)

To develop an input circuit equation from the general
equation, we must first determine the effect of each inde-
pendent variable on v,, and then add the separate results.
When the effect of i. is considered, v,, is held at zero, and
vice versa.

For small variations of Iz and V¢ from quiescent values,
we can write:

. Ave,
Aveb = Ale ‘ Aie

AV(‘I)
AVcb

+ Avcb
Vep = 0 ie=10
To develop an output circuit equation from the general
equation, we proceed in the same manner and obtain
Ai,
Al

Ai,
AVcb

Ai, = Ai,

+ Avcb
Vepb = 0
The first coefficient of the input equation is called the
input resistance and is measured in ohms because it repre-
sents the ratio of a voltage to a current, The h parameter
symbol for this quantity is h;,, where the subscripts i and b
represent input and common base, respectively. Using
numerical subscripts, h;,, is written as hyy,,.

ie:O
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The second coefficient of the input equation is dimension-
less and is called the reverse (feedback) voltage ratio. The
h-parameter symbol is hy, or hy.,.

The first coefficient of the output equation is dimension-
less and is called the forward current transfer ratio. The
h-parameter symbol is hp, or hay,.

Finally, the second coefficient of the output equation is
called the output conductance because it represents the
reciprocal of resistance and is measured in mhos. The
h-parameter symbol is h,, or hgu,.

We now have four h parameters for the common-base
configurations. Using the numerical forms of these par-
ameters, we can rewrite the input and output equations as:

Veo = hyple + hyayVey
= hy,l. 4+ hyve

and ic = hapde + hogpVen
= hpi, + hava,

The input equation suggests an equivalent circuit of a
resistance in series with a voltage generator, and the out-
put equation suggests an equivalent circuit of a current
generator in parallel with a conductance. If we combine
these two, we obtain the equivalent circuit shown in
Fig. 5-2.

g —» ~— i

éhzzo veb

-0

M2bVer haiple

[og

Fig. 5-2. The common-base equivalent circuit.
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In the common-emitter circuit, i, and v. are the inde-
pendent variables, and the general equations are

'ic = f(ibr Vce)
Vbe = f(ib’ Vce)

and, by following the methods previously detailed, the fol-
lowing h-parameter equations are obtained :

Ve = Ni1elp + hizeVee
= hieib + hrevce

and le = huredy + hogeVee
= hfeib + hoevce

where the second subscript e indicates that we are dealing
with the common-emitter configuration.

The above equations suggest the equivalent circuit of
Fig. 5-3. Notice that this is the same form as that of the
common-base amplifier but with different parameter values.
Thus, the gain and impedance equations to be derived apply
equally well to either configuration if the appropriate h
parameter is used.

< ¢

»0O

hteib
! : 5

Fig. 5-3. The common-emitter equivalent circuit.

Because manufacturer’s data are often given in terms of
h, parameters, we must relate the h, to h, parameters. For
all practical purposes, the following relationships suffice:
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— __hlL — h,
Pue= Tihe 7 ™= TEh.
=~ hibhfe
_ Ahyg, _ Ahy,
hye. = TX how ¥ how or h,. = W
1
~ 14hg
. h2lb _ h(b
h2le —_ 1 + h21b or hfe _— 1-_+._—_h{|,
_ h22b _ hob
h22e _ 1 + h21b or hoe — 1 + hﬂ,-
= hobhle

where A = h;.h,. — hhe, and hy, is a negative number,

Notice that the quantity —h.;, in the third equation
above is equal to the current gain of the common-base con-
figuration, often designated by the letter symbol a. By sub-
stitution,

a
hze = 1 —a — B

or he =8

where B is the a-c current gain of the common-emitter
configuration.

If the data are given in h, parameters and conversions to
h, parameters are required,

N hye _ —he 1

b= The “ TR T TFh, ~h
A —_ hre hoe hoe

hrb = ———1 + hre hob - 1 + h!e -~ hte

where A = h;.h,. — h,hs..

5.2 Summary

Probably the most useful conversion relationships given
are h;, =~ hphe and hy. = 1/(1 + hy,), which form the foun-
dation of the simplified analysis developed in the next
chapter.



CHAPTER 6

Simplified Circuit Analysis

In addition to the conventional h-parameter techniques
for predicting circuit performance, there is a set of sim-
plified expressions that can be used for the same purpose.
These simplified expressions are just logical extensions of
the h-parameter notation but are reduced to only the essen-
tial terms. They are summarized as rule-of-thumb expres-
sions in Appendix 1.

To show the origin of this simplified technique, several
of the more important expressions will be derived from
the h-parameter model.

6.1 Deriving Simplified Expressions

A typical transistor amplifier in the common-emitter
configuration is shown in Fig. 6-1. The equivalent circuit
of this amplifier, when operating over the midfrequency
range, is shown in Fig. 6-2. In the equivalent circuit, e,
represents an a-c signal source and R, represents the in-
ternal resistance of the source; i.e., Thévenin’s equivalent
circuit.

To solve for the current gain, A;, notice that in the
right-hand portion of the equivalent circuit ;

38
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-Vee

1é Rz

Fig. 6-2. The equivalent circuit of Fig. 6-1 at

midfrequencies.

—~LR, =V,
and Vohee =I5
However, I, = I3 + hel,
Therefore, I, = V,h,. 4+ hel,
and I2 = — IgRLho‘. -Jr- hfeII
so I.(1 4 h,Ry) = hel,

- I2 — hl’e

and thus A = I, = T+ h.R:

Typically, if R, < 20K,

A; =~ 0.8h,,

39
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The voltage gain, A,, is Vo/V;.
SO A, = —A(R./Ry)

where R; = input impedance.

Thus, it is best to calculate R; first and then use the
simple expression shown above to determine A,

The exact expression for R, is

R, =h — h ARy,
By inserting typical values, however, we find that:
R; =~ 0.8h,, (R < 20K)
Also, from the previous chapter,

hle =~ hibhfe
and, therefore, R; =~ 0.8h;,h¢.

The value of hy, is usually indicated on a data sheet. If not,
the value of hy, can be readily obtained. It is one of the few
semiconductor properties that does not change from tran-
sistor to transistor. From semiconductor physics it can be
shown that h;, (called “r.” in the ““r”-parameter notation)
has a theoretical value of 26 ohms/|Iz(mA)|. However, due
to lead resistances and connections to the semiconductor
material, a more realistic value is 80 ochms/|Iz(mA)|. That
is, if the emitter current is 1 mA, h; behaves as an un-
bypassed emitter feedback resistor of 30 ohms. At 2 mA,
h;, would be similar to a 15-ohm resistor; and at 0.5-mA, it
would be 60 ohms. These values are accurate for both
germanium and silicon planar transistors.
Using the above relationships,

—0.8h¢R;,
O.Shfehib
Ry
= hy
In practice, it is found that the above approximation
best be modified to:

A, ~

A, — =09Ry

R
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and that the accuracy of the calculation increases as hy,
increases, i.e., as emitter current decreases. The reason for
the modification factor of 0.9 can be seen in Fig. 6-3, which

also gives correction factors when R, > 20K.

1400
LA
1200 J //
/

1000 ,/
COMMON EMITTER -R_ /
CONFIGURATION - Py /

VOLTAGE GAIN ~vs R ib /1A
800 H —— APPROX) 7
a| | ||| Hrsen e BEX
/ . hie*ARL
600 % ] (EXACT)
R
WHERE A *hie hge - hfg g
400 /
JV
/
//¢
200 £ =
A
./
=7
13 2K 3K 4K 5K 7K IOK 20K 40K 50K 100K 200K

LOAD RESISTANCE (Ry)

Fig. 6-3. Voltage gain (A,) as a function
of load resistance.

6.2 Sample Calculations

To illustrate the application of the simplified expressions,
let us first consider the single stage, common-emitter ampli-
fier shown in Fig. 6-4. The transistor is considered to be
any small-signal, medium-frequency device; e.g., the
2N1303. If Iz =~ 1 mA, h;, = 30 ohms. We can now calculate
the values of A;, A, R;, and R, almost by inspection.

—0.9R,,

A, ~ he
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-2V
| 2 R =4.7K
3100K
< —0
O K %5 Vout
| -1V
10K i;
S
Re=IKg T roouf
og —O

Fig. 6-4. Circuit for developing simplified expressions.

—0.9 x 4700
A, =~ R T —
~ —141
R; = 0.8h¢h;,
=~ 0.8 X 100 x 30
=~ 2.4K
Note that the calculation of R; neglects the presence of

biasing resistors. A closer approximation is achieved, there-
fore, by considering the parallel combination. Then,

1
Ri~—7 1 1

24K T 10K T 100K
A; = 0.8hy,
and R, =~ Ry
== 4.7K
Multistage amplifiers are handled just like single-stage
amplifiers. They are broken down into single stages and
solved individually. The only other item that must be con-
sidered is the effect of the interstage coupling.
A typical three-stage amplifier is shown in Fig. 6-5. At
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+ 20V

25.6K
> \ , <

M $ 10K S2M
> > >

3 ! 3 3 $———————o
S 2M

> 2N1304

< 100uF

+,
$2K  ZRI00uF

\4
]
x

Iy +

Fig. 6-5. A typical three-stage amplifier.

midfrequencies the reactance of the capacitors is negli-
gible so the circuit can be redrawn as shown in Fig. 6-6.
Using this circuit, we can calculate A, A;, R, R,, and the
power gain, A,.

O—¢
LR
> 5.6K
> DRLZ » :’
R SiM S0k 32M Ro
‘P , L ‘D ‘b
15K Som l
oz . . -0

Fig. 6-6. Simplified version of the three-stage
amplifier.

For the 2N1304, hy. ~ 100, and h;, ~ 30 chms when I =
1 mA. Using the relationship, h;. =~ hyhy., h,. = SK.

It should be noted that typical data sheet values are
hy,, ~ 28 ohms when I, = 1 mA. Also, h,, = 120 and
h;. =~ 3.3K. These values compare favorably with the typical
values noted above.
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Solving for A, (starting at the output and working back-
wards), we obtain :

® ® ®
o (40) (1552)
(=) (=) (+)

Notice that stage 1 is an emitter follower. Also note that
if h. =~ 100, I;is = 1 mA. As an example, consider stage 3.
Iz (2K) + 0.2V 4+ Ix(2M) = 20 volts
and Ig=~Ic=hyy Is
I (2K) + 0.2V 4 (1:/100)2M = 20 volts
Iz (2K) + 1:(20K) =~ 20 volts
Iz ~ 20/22 mA
Inserting numerical values into the equation for A, we
obtain:
A, — (0.9 X 5.6K) (0.9 X 10K || 2M || Rm) (1)

30 30

The minus signs noted in the literal expression cancel (no
phase inversion for A,), and R;. is the parallel combina-
tion formed by the 10K output resistor of stage 2, the 2M
base resistor of stage 3, and the input impedance, R;, of
stage 3. The value of R;; is approximately 0.8 X 3K ~ 2.4K.

2K
09 ><5.6K> (0.9 X 10K || 2M || ZA‘K)(I)
30 30
=~ 5.6 X 0.9 X 2K = 5.04 X 2K =1 X 10* = 10,000
Where the symbol || indicates parallel quantities,
80 24K
Ry~ 1M | 08 x 100 (15K || 2M || 08 X 3K )
=~ 1M | 80 X 2K =~ 1M |, 160K =~ 140K

R, 5.6K

Now, A, =~ (
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Finally,
R, =~ Rps = 5.6K
and, A, ~ 10log (1 X 10%) (2.5 x 10%)
=90dB 4 10log 2.5
=90dB + 4dB ~ 94 dB

For the most part, h,. has been neglected in the foregoing
discussion of voltage gain. Notice that in the formula
A, =~ 0.9R_/hy, it doesn’t even appear. The real significance
of he is in its influence on the transistor input impedance,
which, in a multistage amplifier, is in parallel with the
previous stage load resistor. As an example, if a grounded-
emitter transistor has a low hy,, it will have a proportion-
ally low input impedance, which, in turn, will lower the
voltage gain of the previous stage. This effect can be sum-
marized as follows:

1. To increase the voltage gain of a single-stage ampli-
fier, the d-c collector current should be increased
(reduces hy,).

2. In multistage amplifiers, the transistor current gain
h,, indirectly affects voltage gain. This term h,. affects
the input impedance, which appears in shunt across
the previous stage load resistor.

3. To increase the voltage gain of a multistage amplifier,
only the d-c current in the first gain stage should be
increased. In all other stages, the improvement is
neutralized by the loading effect on the previous stage.

A circuit with several unusual properties is shown in
Fig. 6-7. It has voltage feedback (the 56-ohm emitter re-
sistor), current feedback (the 80K collector-to-base
resistor), and a biasing arrangement that gives an excellent
stability factor. The stability factor, S, was calculated in a
previous section and was found to be 4.6.

Quite often it is either helpful or necessary to calculate
A, A, R, and R,. Exact calculations for this circuit would
be quite involved, but using the previously-developed sim-
plified expressions, a considerable amount of information
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can be obtained rapidly. In the calculations that follow, use
is made of the rule-of-thumb equations presented in
Appendix 1.

Because voltage feedback is used in the circuit of Fig.
6-7, A, is calculated by using the voltage feedback equation:

Re || R:
A~ — —1 =
. hy, + Rg
where || means in parallel.
R
b4 IOK

Q

= Vee

A

¥ ¥ v
{
+

+
32K Z=100uF

O
L

Fig. 6-7. Amplifier with emitter and collector feedback.

Substituting numerical values,

A, ~ — 8.9K/86
=~ — 100
The minus sign indicates phase inversion by the single-
stage, common-emitter amplifier.
The circuit of Fig. 6-7 also uses current feedback, so A;

is calculated by using the current feedback equation pre-
sented in Appendix 1.

A; ~ R¢/Ry,

~ 80K/10K
~ 8
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It is interesting to note that the measured values of A,
and A;are 100 and 7.1, respectively.
To calculate R;, we notice that R, >> R, and use the
equation:
R — R (h;, + Ry)
"7 RellRL
80,000 x 86
=~ 78900
=~ 760 ohms

In the calculation of R,, we assume R; = 600 ohms.

R, =~ R¢(hy/R; + 1/he.) || Re
~ 80K (30/600 4- 1/100) || 10K
~ 80K (1/20 + 1/100) || 10K
=~ 80K X 6/100 || 10K
=~ 800 X 6 || 10K
=~ 4.8K || 10K
=~ 3.25K

The measured values of R; and R,are 750 ohms and 3.5K
ohms, respectively. R; was measured with an R, of 600
ohms.

6.3 The Emitter Follower

Since the common collector, which is more commonly
called the emitter follower, has several very unique charac-
teristics, it is worthwhile discussing in detail. For exam-
ple, from pages 110 and 113 we can see there is no voltage
phase inversion (4 A.) but there is 180° of current phase
inversion (—A;). The fact that there is no voltage inver-
sion is quite useful as the very popular grounded emitter
gives 180° of voltage phase inversion.

Three items of information are often wanted in emitter-
follower circuits. These are the voltage gain, the input
impedance, and the output impedance. Luckily, by using
our simplified analysis each item is easily obtained.
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Fig. 6-9. Gain section of emitter follower.

First the voltage gain. Figure 6-8 shows a typical emit-
ter-follower circuit. If we define the voltage gain to be
Vo/ Vi, the voltage from the emitter-to-ground divided by
the voltage from base-to-ground, we can easily obtain the
voltage gain expression. The input, V,,, appears inside the
transistor just above the built-in feedback resistor. Then
Fig. 6-8 reduces to Fig. 6-9. Now by inspection the approxi-
mate gain expression becomes:

Re
Ae= + Rg + hy
Note that A, for the emitter follower is always less than 1.
A little bit of reduction of the exact voltage gain formula
and, in the last step, eliminating those components which
have a very small influence give the same result. Interest-
ingly , this expression is one of the most accurate of all the
approximate formulas.
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What the above expression shows is that if Rg is low—a
loudspeaker for example—then h,, must be very small or
you will lose considerable signal. This follows intuitively
as you know you need a power transistor with considerable
current to drive a loudspeaker. The high current keeps h,,
low and allows the signal to be coupled into the loudspeaker
without much loss.

The expression for input resistance is the same as for the
grounded emitter.

Ry~ .8 hee (Re + ha)

In most cases Rg is much greater than hy, so this expression
usually reduces to

Ri ~ .8 heRg
Also when Rg is sufficiently large, the 0.8 is less critical and
R; ~ h(Rr is a good approximation.

The output resistance can also be found relatively easily.
We have already shown that the emitter resistance can be
moved into the base circuit by multiplying by hf. The
same principle works the other way. That is, we can move
a resistance from the base circuit to the emitter circuit by
dividing by hy..

Consider the circuit of Fig. 6-10 which is a simplified
version of Fig. 6-8. Moving R, to the emitter side of the
base by dividing by h,, yields Fig. 6-11.

Fig. 6-10. Simplified emitter follower.
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Fig. 6-11. Equivalent output of emitter follower.

Figure 6-11 shows several things. First, the output is
generally low. For example, consider an emitter follower
with Rg = 10K, R, = 600}, and Iy — 2ma. Then R, is 10K
in parallel with 15 ohms plus 6 ohms, giving an output of
approximately 21 ohms. Second, the generator or driving
source impedance greatly influences the emitter-follower
output impedance. Finally, the output impedance can be
modified relatively easily by changing the emitter current
which, in turn, changes hy,.

6.4 Summary

The calculations show the speed and acceptable accuracy
obtained by using the rule-of-thumb equations given in
Appendix 1. Since transistor values are rarely known to
be closer than 20 percent (unless they are measured), the
rule-of-thumb equations are adequate for all practical
situations.



CHAPTER 7

Feedback

In the equation A, ~ — (0.9R./h,,), the term h;, may be
considered as a small resistor in series with the emitter
load. See Fig. 7-1. This effective resistance produces a
small amount of degenerative feedback. As I; increases,
h,, decreases in a fairly constant manner. From this it fol-
lows that as the signal current varies, hy, also varies, and

hib

Fig. 7-1. Effect of hy,.

voltage gain A, varies. This change in A, shows up as dis-
tortion. It is desirable to reduce this distortion caused by
the nonlinearity of the emitter-base circuit. If a small un-
bypassed resistor is added in series with the emitter
resistor, as shown in Fig. 7-2, the amount of distortion will
be reduced.

51
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Fig. 7-2. Emitter feedback.

7.1 Effects of Feedback

If hy, = 30 ohms, which is the value for I, = 1 mA, the
formula for voltage gain now becomes:
R, 10K
Ao~ — hy, + R — ~ 30 + 68 ~ —100
The 1K resistor is for the improvement of bias stability
(notice that it is bypassed for ac).
The voltage gain is reduced by a factor of about 3 as a
result of the added resistor, but the voltage waveform dis-
tortion is reduced by nearly the same amount. Without

feedback,

A, =~ 0.9 X 10K/30 ~ 300

Therefore, the amount of feedback is
20 log 100/300 = —20log 3 = —20(0.48) = —9.6 dB
In the previous example, feedback was applied to a single
stage. More typically, feedback is applied to several stages
or to a complete amplifier. Using feedback, there can be
considerable variation within the individual stages, but, if
the open loop gain is sufficient, the gain with feedback can
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be held constant. In addition, the gain with feedback can
usually be made equal to the ratio of two resistors.

Take, for example, the problem of building an amplifier
with a voltage gain of 1000, an input impedance of 1 meg-
ohm and an output impedance of 50 ohms. The easiest and
probably the best way to build this amplifier is to use feed-
back to set the gain at 1000 and to use an emitter follower
to achieve the 1-megohm input impedance.

Referring to Fig. 7-3 and the rule-of-thumb formulas in
Appendix 1, we select the values as follows: Emitter
follower Q. is a buffer stage that is used to prevent the
relatively low input impedance of Q; from appearing in
shunt with the emitter resistor of the input emitter fol-
lower. The input resistance at the base of Q. is approxi-
mately equal to the product of h¢, and the input resistance
of Q;. Noting that R, for stage 3 is about 5K, the value of
R;for Q: is

R, = 0.8 X 100 X 5K

~ 400K

This 400K resistance will have essentially no effect on the
20K emitter resistor of Q;.
The value of R, for Q, can now be calculated.

R, ~ 0.8h, X 20K
=~ 1.6 megohm

The 1.6-megohm R, in parallel with the 2.2-megohm base
bias resistor gives an input impedance of better than 925K
and this is close enough to the desired input impedance of
1 megohm.

Stages Q. and Q, are used as the gain stages. The open
loop gain is AzA, and can be quickly calculated by using
the rule-of-thumb formulas in Appendix 1. The bias re-
sistors for the base of Q, are adjusted to produce 1-mA d-c
emitter current. The resistor values are calculated in ex-
actly the same way as demonstrated previously. The emitter
resistor in Q, is made the same value as the collector
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resistor in Q3. Assuming 1-mA of current flows through the
Q; collector resistor, almost exactly the same value of cur-
rent passes through the emitter resistor of Q,. Referring to
Fig. 7-3, the open loop gain, A, (gain without feedback), is

(—0.9RL3 l| Ris ) ( 0.9R1, )
AUL =
hy, + R hy,
(0.9 X 10K | 2.4K) 0.9 X SK)
( 63 ( 30
=~ 4300
-20V
o3 o
3 T  +] S0ufF
2w Rl N
Ro = 508

r 3
o Q Si150Kk | Qq
¢ % 2N650 Ri4 b 2NI304

4 Q2
2N650 ﬁ
=1L Q3 . > Qs
Rin Ca \ 1: 2N650 2N650

1OpF
Rag ! Ri
20k $ R
) Rye Rse 33 7%
I0KS  50K$ L Rio ™
s ) L
35K Se.8x Ro=3
- (Req)
Rgg lC3
47K T 200uF
o)

Fig. 7-3. Four-stage amplifier with feedback.

The closed loop gain (gain with feedback) is given by
the formula:

Ao 4300 1
Ao = pga = 1000=12"m5me = 7 LB
1000 4300
or L 10008 =
4300 T
1 10 33
So B=—9g — 1R T BK

where B is the feedback factor.
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The feedback resistors in Fig. 7-3 are R; and R;,. A value
of 47K for Ry; gave an overall measured gain of just over
1000. The feedback resistor should be made slightly larger
than the value calculated to compensate for the slight losses
in the two emitter followers.

The output impedance R, of Qy is considerably lower than
the 5K load resistor as this stage uses collector feedback.
Calculations yield an R, of approximately 600 ohms and
the measured results give an effective R, of about 800 ohms.
An emitter follower is used to reduce this value to the de-
sired 50 ohms output impedance. The expression for R, of
an emitter follower is

Rg + hie
Ro =~ hfe
Note that with an emitter follower, the output impedance is
partially dependent upon the generator impedance, R,.
Since h;, =~ heh;,, the above expression reduces to:
R, ~ }1?: + hy,

The value of R, for Q; is about 800 ohms; i.e., the output
impedance of Q. If h;, = 100, the only unknown quantity is
hy,. (The value of R, is given as 50 ohms on the illustra-
tion.) Now, solving for hy,

hy ~ R, — }If—fg
800
~ 50 — 150

~ 42 ohms

The base voltage of Qs is approximately 5 volts (the volt-
age on the collector of Q,) and the emitter current should
be about 0.75 mA to produce the desired h;, of 42 ohms.
Remember, h;, varies inversely with current and has a value
of 30 ohms at 1 mA of emitter current. Thus,

Re =~ 5/0.75
=~ 6.8K
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Using a 6.8K resistor for Rg, we obtain a measured R,
of 47 ohms. This is close enough to the desired value.

The frequency response of the amplifier in Fig. 7-3 is
from 17 Hz to 200 kHz.



CHAPTER 8

Other Semiconductor Diodes

8.1 Breakdown Diodes

After the reverse-breakdown phenomenon of diodes was
discovered, Dr. Zener proposed a theory for their opera-
tion. Zener proposed that as the electric field (potential)
increased, a point was reached where this field was strong
enough to pull electrons from the lattice of an atom and
place them in the conduction band. This action would cause
a sudden increase in current and a large reduction in diode
impedance. Zener also reasoned that this type of break-
down should exhibit a negative T.C. (temperature
coefficient) .

As time went on and a better understanding of semi-
conductor materials became available, the Zener theory, as
applied to the breakdown phenomenon, was replaced by
the avalanche breakdown theory. Avalanche breakdown is
analogous to the Townsend gas discharge. As the electric
field increases, the velocity of those electrons in the con-
duction band increases to the point where they have enough
energy to knock other electrons out of the lattice structure.
The electrons that are knocked out of the lattice may gain
enough energy before they recombine to repeat the process.
When these conditions are met, the current avalanches.

57
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Interestingly enough, it can be shown that avalanche break-
down should exhibit a positive T.C.

Very low voltage breakdown diodes probably break down
from true Zener discharge. In line with the Zener theory,
these diodes exhibit a negative temperature coefficient.
Diodes that break down at higher values of voltage prob-
ably do so primarily by the avalanche process, and these
diodes exhibit a positive temperature coefficient. There are
also some diodes that exhibit essentially a zero temperature
coefficient. These diodes break down in a transition region
of 4.5 to 6 volts and, in these cases, the breakdown process
is partly avalanche and partly by Zener action.

Figure 8-1 shows a circuit that is used quite often in
power supplies, The 11.5-V diode is an avalanche break-
down diode and thus has a positive (4+) T.C. The forward-
biased (temperature compensation) diode, as was pointed
out in an earlier chapter, has a negative (—) T.C. This
combination provides good stability by compensating for
changes in temperature.

- RAW DC /}_&ULATED oc

12v $ RL (LOAD)
$

AAA
VW

1.5V
J) BREAKDOWN
DIODE POS.T.C:

TEMP. COMPENSATING
DIODE NEG.T.C.

+t
LAY

O
2 %4

+

Fig. 8-1. Avalanche-diode temperature compensation.

8.2 Step Recovery Diode

This diode is similar to the PN junction diode, but
achieves its unique properties of long charge storage and
fast switching through special doping techniques in the
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vicinity of the junction. The important concept here is the
treatment of stored minority carriers.

The action in a step recovery diode begins when the
driving waveform, Fig. 8-2A, reverse biases the diode. Just
prior to reverse bias, the forward current caused substan-
tial amounts of minority carriers to be placed on either
side of the junction, Through heavy doping of the region
near the junction, the minority carrier storage does not
extend very far out into the semiconductor materials.
Because of this restriction of stored charge, when recom-
bination ends, it ends abruptly.

A good analogy here is a water faucet and a barrier. See

STEP RECOVERY DIODE
WAVEFORM

AN
hy
v
[ ¢—BARRIER %
—t 1 L3
DISTANCE ———8 > i ) AR
z v 0 { ¢! ‘l
LEAKS
(8) «©)
K
) CONDUCTIVE LIQUID
& METAL WALL
"REVERSE BIAS

Fig. 8-2. Step-recovery diode analogy.
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Fig. 8-2B, which describes a normal PN junction diode.
As long as the faucet is on (forward current), the liquid
level falls exponentially with distance from the barrier.
When the current is turned off, recombination begins to
remove the stored carriers. This idea can be simulated by
putting holes in the bottom of the container, as shown in
Fig. 8-2C.

The dashed lines in Fig. 8-2C show that the liquid drains
out gradually. The only difference between this analogy and
the action of a step recovery diode is that the high doping
level near the junction must be simulated by putting a
restricting wall in the picture. This is done in Fig. 8-2D.

Now when the faucet is turned off, i.e., reverse biased,
the conductive fluid runs out evenly but the end comes very
abruptly (the snap off or step recovery).

In summary, the step recovery diode terminates charge
storage in an exceedingly short period of time. In so doing,
it generates an abrupt step that is very rich in high order
harmonics. Drive this diode at a frequency f and the abrupt
step will contain many Nf components, all being coherent
with the driving waveform. Most applications for the step
recovery diode are, therefore, in the area of harmonic
generation.

8.3 PINDiode

The interesting thing about the PIN diode is the wide
intrinsic region. The PIN diode is made by starting with
very pure intrinsic (I) silicon and doping in P and N im-
purities from each end. This is where the name PIN is
derived. Actually, since completely intrinsic material is
difficult to produce, the I region is doped slightly positive
just to make performance consistent from diode to diode.

During forward bias both holes and electrons are in-
jected into the intrinsic region. The large amount of charge
stored in the intrinsic region means the diode continues to
conduct long after it is reverse biased.



Other Semiconductor Diodes 61

The water analogy that was useful in explaining the step
recovery diode is also useful here. Of course, recombina-
tion goes on at a fairly rapid rate as both holes and elec-
trons are injected into the intrinsic region. Recombination
is illustrated in Fig. 8-3 by the holes in the bottom of the
container., When the driving signal reverses, the large

FAUCETS ON

WATER LEVEL RISES

je—SMALL
HOLES

x P INTRINSIC N {

(A} FORWARD BIAS

FAUCETS OFF

WATER LEVEL FALLS

[} r »
(P WTRINSIC N /

(B) REVERSE BIAS

Fig. 8-3. PIN-diode analogy.

amount of stored charge causes the diode to continue to
conduct for a relatively long time. This is the key to its
application. A microwave signal, for example, keeps the
diode on throughout the entire reverse-bias cycle. As a
result, the PIN diode is never off and it does not really
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behave like a diode, but rather as a variable resistor. The
amount of resistance is a function of the d-c forward bias,
i.e.,, more forward bias produces more stored charge and,
therefore, lower d-c resistance.

From a microwave point of view, the wide intrinsic
region of the PIN diode means that during the back bias
period of the r-f cycle, carriers are trapped in the intrinsic
region. These trapped carriers, moving back and forth for
several cycles before escaping, as shown in Fig. 8-4, repre-
sent a current traveling through a resistance for a finite
time. The resulting dissipated power shows up as heating
of the PIN diode and getting rid of this heat is one of the
real design problems in making the higher, microwave-
frequency PIN-line attenuators. If the diode mount is de-
signed to dissipate heat readily, it may not present a good
impedance.

P N

INTRINSIC

Fig. 8-4. Radio-frequency energy passing through a
PIN diode.

In summary, the PIN diode is characterized by an ex-
ceptionally wide high resistance layer. Because of this wide
region, the diode exhibits a very high (several hundred
volts) breakdown voltage. Correspondingly, diode capaci-
tance per unit area is rather low. However, forward-
bias conductivity can be high because the conductivity of
the intrinsic region is increased by the presence of stored
charge (conductivity modulation).

The big application for the PIN diode is at microwave
frequencies, By providing a variable attenuator that pre-
sents a relatively constant match to the microwave source,
complex waveform modulation is possible without fre-
quency pulling (i.e., little or no SWR change).
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8.4 Hot-Carrier Diodes and the Fermi Level

Although an understanding of Fermi level is not abso-
lutely necessary to study this material, it is being discussed
here because it is becoming an increasingly useful concept
in explaining some of today’s exotic semiconductor devices.
Simply put, the Fermi level is the energy level at which
there is a 50 percent probability of electron occupancy. This
definition fails, however, to convey a graphic description
and does not immediately show the significance of Fermi
level when two different semiconductor materials are
brought together. Let us see, therefore, if we can develop
a more meaningful visualization of this important term.
Since the Fermi level is an energy level, let us consider it
as such and call it a quasi-mean energy level, which gives
an indication of the energy condition of the electrons in a
material. The important thing to note here is that when
two different Fermi level materials are brought together
(with no external bias), there can be only one resultant
Fermi level, This is just like two different water levels
suddenly being brought into contact with each other.

There is a fairly good analogy between liquid levels and
Fermi levels as we can see from the following example.
See Fig. 8-5. Consider the partition between the two liquids
as being made in two parts—one wall with a hole in the
bottom and the other a plain solid barrier. If the solid
barrier is removed, Fig. 8-5B, the two liquids flow through
the hole and settle at a uniform level. (It is intuitively
obvious, but the reason is because a system in equi-
librium seeks the lowest possible energy level.) At the

WNISCUS\ SOLID WALL (BARRIER)

7

(A) (8}

Fig. 8-5. Fermi level water analogy.
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surface of the water and along the partition a meniscus will
form, with the height of this meniscus proportional to the
liquid surface tension. This analogy is a useful one as the
meniscus is comparable to the barrier that is created in
hot carrier diode. A hot carrier diode has a metal N junc-
tion and our water analogy is useful in explaining its
operation,

Consider a hot carrier diode with the Fermi level in the
semiconductor above that in the metal. This is pictured in
Fig. 8-6A. The metal can be compared to a low surface
tension liquid, whose meniscus is virtually nonexistent
(this can be explained by the high number of electrons
available in the metal, i.e., the valance and conduction bands
overlap at room temperature). For an electron to be moved

%
R NS AR !

BEFORE JOINING AFTER JOINING
(a) (B)

Fig. 8-6. Formation of hot-carrier diode barrier.

from the N-doped semiconductor into the metal, enough
forward bias must be applied to get the electron up over
the barrier (meniscus). When the electron clears the bar-
rier and flops over into the metal, Fig. 8-7, it will momen-
tarily have more kinetic energy (i.e., be hotter) than those
electrons in the metal. This condition only lasts for about
100 femtoseconds, i.e., 0.1 picoseconds.

The hot-carrier diode is the most exciting entry in the
solid-state device field since the transistor. Surprisingly
enough, metal semiconductor junctions were around long
before the first transistor. There are two reasons why this
type of device didn’t catch on sooner. The first is that it was
the development of the transistor that gave us the manu-
facturing know-how necessary to build a reliable metal



Other Semiconductor Diodes 65
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Fig. 8-7. Junction in hot-carrier diode.

semiconductor junction device, The second is that solid-
state theory has advanced about tenfold since Shockley and
friends put together their first transistor.

What makes the hot carrier diode (and hopefully in the
future, the hot carrier transistor) so exciting is the lack of
stored minority carriers. It is strictly a majority carrier
device—electrons all the way. As you will recall, stored
minority carriers must be removed before a diode or
transistor can turn off.

The presence of stored minority carriers in the transistor
has given us a practical upper-frequency limit of some-
thing like 3 GHz. Even to get 3 GHz is exceedingly difficult
and quite costly. The hot carrier device with virtually no
minority carrier conduction has a theoretical upper fre-
quency limit of at least 60 GHz.

The key to rectification in the metal-to-N junction is that
the work function (the amount of energy necessary to
remove an electron completely from the control of its parent
atom) in the semiconductor is less than in the metal. Thus,
it takes less energy to move an electron from the control of
the semiconductor atom than from the metal, i.e., the elec-
trons are hotter (have more energy) in the semiconductor
than in the metal. When the metal and N-type semicon-
ductor are joined, the energy levels equalize but in doing
80, a barrier is created at the interface. During forward
bias, the electrons in the N material are pushed toward the
barrier. If the forward bias is sufficient (0.3-0.6 volts, de-
pending upon the choice of the metal), the N material
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electrons are given enough energy to slide up over the
barrier and drop into the sea of electrons in the metal.
During reverse bias, the barrier is made higher and the
electrons are pulled away from the junction.

A comparison of barrier potentials for hot-carrier diodes
(HCD) is shown in Fig. 8-8. The forward characteristics
are controlled by using different metals.
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Fig. 8-8. Comparison of barrier potentials for
hot-carrier diodes.

At the present time, HCD’s are most useful as microwave
frequency mixers and detectors, and in fast switching
circuits,

8.5 Tunnel Diode

Under conditions of zero bias, the Fermi level in a stand-
ard PN junction lies between the conduction and valence
bands. This condition is illustrated in Fig. 8-9A. In the
tunnel diode, however, exceptionally heavy doping causes
the Fermi level to lie inside the respective energy bands,
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i.e., on the N side the Fermi level lies inside the conduction
band and, on the P side, inside the valence band. See Fig.
8-9B. This condition places electrons and holes in close
proximity. Typically, the depletion region is only 100 Ang-
strom units. (1 cm = 10% Angstrom units.) This proximity
of holes and electrons causes electrons to tunnel after
nearby holes, and vice versa. Hence the name tunnel diode.

TYPICAL |

107%m ] i ®
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Fig. 8-9. The tunnel diode.

When forward bias is applied to the tunnel diode, two
things happen. First, conduction begins immediately be-
cause the conduction and valance bands overlap and the
charge carriers are pushed toward each other. Second, as
the electric field increases, the barrier height (potential
hill) is reduced. This causes the conduction band of the N
material to move away from the adjacent valence band of
the P-type material. See Fig. 8-9B. The peak of the extra
current region occurs when the bottom of the N material
conduction band is tangent to the top of the P material
valence band. This is identified as point 2 in Fig. 8-9C. At
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this point, a large number of charge carriers have been
pushed up to the barrier and the bands are still in a posi-
tion to allow tunneling. From this point on, conduction
decreases rapidly because the two bands begin to move
further apart. Thus, tunneling (extra current) stops. At
point 3 in Fig. 8-9C, conduction results from normal diode
action. The transition between points 2 and 3 occurs
rapidly. A further increase in forward bias causes a nor-
mal increase in conduction.

Since the current decreases as voltage increases between
points 2 and 3, the tunnel diode is said to exhibit negative
resistance over this portion of its characteristic.

The simplest test for a tunnel diode is with a voltmeter.
In most germanium tunnel-diode circuits, when the diode
is switching between its two stable states, the average volt-
meter reading is about 0.5 V or slightly less. If the oper-
ating point of a germanium tunnel diode is stuck some-
where below the peak (point 2), the voltage reading should
be less than about 0.1 volt. If it is stuck near the bottom of
the valley (point 3), it will most likely be about 0.35 volt.
From point 3 on, it will behave like a forward-biased diode,
the exact value depending where on the curve the oper-
ating point settles. An oscilloscope connected to a tunnel
diode switching circuit should show the device switching
at its operating frequency. The waveform is very often,
but not necessarily, a square wave,

For testing tunnel diodes out of circuit, the test setup of
Fig. 8-10 can be used. Actually this test setup will display
the V-1 characteristics of just about any diode. The cur-
rent is monitored across the 1K resistor so the displayed

TO SCOPE VERT.
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UNDER TEST
OSCILLATOR
WITH OUTPUT
UNGROUNDED

Fig. 8-10. Diode test circuit.
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voltage equals the diode current in milliamperes. For oscil-
loscopes with a common ground, the vertical channel
should be able to display a negative up signal. Otherwise,
the display is inverted.



CHAPTER 9
Special Devices

9.1 The Silicon Controlled Rectifier

The silicon controlled rectifier (SCR) is the solid-state
equivalent of a thyratron. A simple SCR circuit is shown
in Fig. 9-1. The device conducts when a positive pulse is
applied to the gate electrode.

Perhaps the easiest way to analyze an unknown device
is to assume an on or off state and then prove the assump-
tion true or false. In the case of the SCR shown in Fig. 9-1,

Fig. 9-1. The silicon controlled rectifier (SCR).

let us assume the device is conducting. If it is, there must
be a voltage drop across the device. This voltage becomes
progressively more positive moving from cathode to anode.
The resultant voltage gradient makes the top and bottom
PN junctions forward biased and the middle PN junction

70
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reverse biased. Since these conditions cannot exist, the first
assumption was wrong and the device is off.

To understand the mechanism of operation, it is helpful
to consider the SCR as two separate transistors. This con-
cept isillustrated in Fig. 9-2.

ANODE | ANODE
[ P | P

] ]
GATE n - GATE 3 P 1 -
[N ] N
CATHODE CATHODE
(A) (B)

Fig. 9-2. Equivalent circuit of SCR.

In operation, the SCR resembles a positive feedback am-
plifier. Once conduction begins it continues and makes both
transistors saturate. Why, then, doesn’t the device get
started by some small noise or leakage current? The
answer lies in the behavior of hyi with current, See Fig.
9.3. Normal leakage current is so low that the combined
hyy of both equivalent transistors gives less than unity gain
in the two-transistor feedback amplifier. However, when
a momentary, positive pulse is applied to the gate cireuit,
the effective hy is momentarily greater than unity and the

"FE

REGION SHOWN
ON MOST
TRANSISTOR
DATA SHEETS

Ic

Fig. 9-3. Dependence of h;;; on I in a silicon transistor.
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two equivalent transistors saturate. Once saturated, cur-
rent through the device is enough to keep the combined
hy greater than unity.

About the only way to turn off an SCR is to reduce the
gate-to-anode current to less than the holding current (i.e.,
where the combined hyy is less than unity). Attempting to
put a negative pulse on the gate for turn off purposes is
usually unsuccessful as the gate impedance is quite low
when the device is on and damage to the SCR may result.

Silicon controlled rectifiers find application in many areas
including motor controls, light dimmers, high-efficiency
power supplies, battery chargers, and high-speed switches.

9.2 Unijunction Transistor (UJT)

The UJT is best explained with an example. Consider the
circuit of Fig. 9-4. When switch S is closed, capacitor C,
starts charging from zero toward -+V. (This assumes no
prior charge on C,.) During this charging time, there is a
uniform voltage drop along the bar of N material. Being a

S
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MATERIAL

N —»
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L TO CIRCUIT
<c, T T
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Fig. 9-4. Unijunction transistor switching circuit.
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semiconductor, the N-material bar behaves like a medium
value resistor (5K to 10K) with a voltage gradient along
its length.

From time t, until time t., the voltage on the P-material
emitter (voltage across C,) is less positive than the voltage
in the surrounding N material. This produces a reverse-
biased PN diode. As the voltage on the capacitor continues
to rise toward +V, a critical value is reached where this
PN diode becomes forward biased and, at that time, elec-
trons are injected into the P-material emitter. More sig-
nificant, however, holes from the P emitter are injected
into the N-material bar.

The presence of a large number of holes in the silicon
bar greatly lowers its impedance. As a matter of fact, the
emitter-to-Base 1 region behaves like a forward-biased
diode. The energy on C,; now discharges into the Base 1
load circuit. The change of state occurs at time t, in Fig. 9-4.

After capacitor C, has lost its charge, the field from
Base 2 takes over control, reestablishing the voltage gradi-
ent along the N-material silicon bar and reverse biasing
the emitter-Base 1 PN junction. The cycle described above
now repeats unless there is some turn-off mechanism in the
load. A set of relay contacts is often used for this purpose
when the unijunction transistor is a relay used as a time
delay.

Applications of the UJT include sawtooth generators,
time-delay circuits, staircase waveform generators, and
pulse-forming circuits for firing SCR’s.

When replacing a UJT, care should be taken not to
reverse the connections to the two bases. Although no
damage should result, since the bases are simple ohmic con-
nections, the device is not symmetrical. The P-material
emitter is closer to Base 2 than to Base 1. The result of
misconnecting Base 1 and Base 2 would be to make the
UJT inoperative.
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9.3 The Field-Effect Transistor (FET)

The field-effect transistor (FET) combines some of the
best properties of the vacuum tube with those of the tran-
sistor. Like the vacuum tube, it is a voltage-operated device
with very high input impedance. Like all transistors, it has
no filaments or microphonics, can operate at relatively low
voltages, and can have either holes or electrons as the
current carriers.

There are two popular types of field-effect transistors in
use today: the junction-gate and the insulated-gate. The
junction-gate will be considered first as its use is now more
widespread. However, the advent of integrated circuits
may spur the use of the insulated-gate device, since it can
be used without load resistors in some logic circuits. The
d-c requirements may also be simplified.

In its simplest form, the operation of a junction-gate
field-effect transistor can be compared to a hand squeezing
a garden hose. A typical field-effect transistor is con-
structed by taking a bar of silicon (the hose), doping it
(either N or P), and adding ohmic contacts at each end.
Next, a section or layer of P (or N) material (the hand)
is built into the middle of the bar. When reverse bias is
applied between this section of P (or N) material (called
the gate) and the bar (called the channel), control of the
carriers in the channel can be obtained. A simple circuit
arrangement for an N-channel FET is shown in Fig. 9-5.

Compared to a conventional pentode vacuum tube, the
drain is equivalent to the anode (plate), the source is
equivalent to the cathode, and the gate is equivalent to the
grid. Like the conventional vacuum tube, the junction-gate
FET is basically an on device and must be biased part-way
off to set the operating point in a position for amplification.
See Fig. 9-6.

Referring to Fig. 9-7, the normal operating region for
amplification is past the knee (pinch-off) voltage. Pinch-
off voltage is the reverse bias applied between the gate and
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drain and causes the depletion region of this PN junction
to restrict the flow of carriers through the source-drain
channel.

A
v
]

-

SOURCE

Fig. 9-5. An N-channel FET.
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Fig. 9-6. FET characteristics.
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Fig. 9-7. Depletion region around an FET gate.
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Reverse bias on the gate-channel junction is greatest
near the drain and is the reason for the tapered shape of
the depletion region (shown dashed) around the gate in
Fig. 9-7.

The voltage gain for the FET circuits of Fig. 9-8 is

A. = guRL || Rps

where Rps is the drain-to-source resistance.
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Fig. 9-8. FET amplifier circuits.

Since Rpg is normally much greater than R;, the expres-
sion usually reduces to:

Ac ~ ngL

The term g,,, which can be found on the data sheet, varies
both with current and from device to device. The result is
considerable variation in gain for the circuits of Fig. 9-8.

The expression for voltage gain is the same as for a
pentode vacuum tube. Also, the input impedance of the
device is very high, being the impedance of a reverse-
biased diode; therefore, the circuit input impedance in
Fig. 9-8B is
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Ry~ Rg

The acceptance of the FET has been quite slow because
the g, of the device is relatively low and voltage gains are,
for the most part, below those obtainable with the more
conventional type of transistor. In addition, FET's tend
to have greater amounts of high-frequency noise but less
low-frequency noise. However, FET’s do have one big ad-
vantage over conventional transistors; viz., they are much
less susceptible to radiation damage because they are
strictly majority-carrier devices; that is, the carriers stay
in the same kind of material when passing from source to
drain.

For troubleshooting, there are two simple tests that can
be made when FET’s are out of the circuit. See Fig. 9-9. In
the circuit of Fig. 9-9A, the drain and source are con-
nected to each other. Reverse bias just below the break-
down value is applied between the gate and the source-
drain connection, The resultant leakage current should be
below Igss, the maximum drain-to-gate leakage current.
Typical values for Iggs are usually between 0.01 and 1.0 mA
at room temperature.

DRAIN

GATE

SOURCE

(8)

Fig. 9-9. An FET test circuit.

In the circuit of Fig. 9-9B, bias is applied between the
drain and the gate-source common connection. The re-
sultant current should be between Ipss max and Ijgs min,
but definitely above Ipgs min., Ipgs is the drain-to-source
current with zero volts between the gate and the source.
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This is the current the FET can pass without forward
biasing the gate diode. Shorting the gate to the source in
an operating junction-gate, field-effect transistor will re-
move the pinch-off effect and cause the transistor to go into
heavy conduction.

In addition to the above tests, the drain-to-source resist-
ance can be measured. Typical values for junction-gate
devices are between 500 ohms and 5K. When making this
test, it is best to connect the gate to the source. Leaving
the gate disconnected allows a charge to build up on the
gate, causing the measured resistance to fluctuate. Since
the FET is similar to the vacuum tube, an open gate has a
very high impedance and behaves just like an open grid.
Care should be taken to connect the ohmmeter properly. In
a P-channel unit, the negative lead should be connected to
the drain. In an N-channel unit, the positive lead should be
connected to the drain. If the ohmmeter leads are reversed,
the readings will not be the same when the ohmmeter scale
is changed. This is because the gate-drain becomes a for-
ward-biased diode when the leads are connected improperly.

Other troubleshooting tests include measuring the for-
ward and reverse diode characteristics of the gate-source
and gate-drain junctions. Values are similar to the good
quality silicon diodes.

Probably the most likely type of failure in the junction-
gate FET is to have the gate-source leakage current in-
crease and produce a decrease in the input impedance.
High-input impedance is one of the most useful character-
istics of the FET, and having this impedance lowered is
undesirable. The change in input impedance is often hard
to detect. Simple ohmmeter checks usually do not detect
this leakage change, which may be in the nanoampere
region. However, the leakage may be external to the FET;
therefore, before replacing a leaky FET, try cleaning the
gate-to-source, gate-to-drain, and gate-to-ground connec-
tions, This type of external leakage is more prominent on
printed circuit boards than with point-to-point wiring
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because the flux normally used in printed-circuit work is
both corrosive and slightly conductive. With proper clean-
ing, the residual flux usually can be removed.

Much of what has been said about the junction-gate de-
vice applies equally well to the insulated-gate, field-effect
transistor. This device has a voltage gain, which is
essentially equal to the g, R, product, and a high input
impedance. Moreover, it has a source, gate, drain, and
channel, At this point, however, the similarity ends. As the
name implies, there is a thin film of insulation between the
gate and channel of the insulated-gate FET. See Fig. 9-10.
The gate and channel electrodes act like the plates of a
capacitor and the insulation acts like the dielectric. As a
result, a positive charge on the gate of an N-channel device
drives electrons into the channel thereby increasing
conduction,

INDUCED
N-TYPE
CHANNEL

HIGHLY -
DOPED
N REGIONS ]

Fig. 9-10. The MOSFET biased for enhancement mode.

The channel may be made in either of two forms; viz.,
high or low conductivity. With a high-conductivity channel,
operation is similar to the junction-gate device. To behave
as an amplifier, therefore, the bias point is adjusted for
reduced conduction. With a low-conductivity channel, the
bias is adjusted to enhance conduction, and this type of
operation is often called enhancement-mode operation.

Insulated-gate units should exhibit even better resistance
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to radiation damage than do junction-gate, field-effect
devices. However, radiation often causes ionization along
the gate silicon dioxide layer which causes performance
deterioration. The insulated-gate FET also finds applica-
tion in the digital field where its exceptionally low leakage
currents and ability to provide direct-coupled inversion
without level shifting between stages are advantageous.

Because enhancement-mode, insulated-gate FET’s are
field operated devices and have insulation under the gate,
they do not lend readily to forward/reverse bias diode
checks. However, some of the troubleshooting techniques
that are effective on conventional PNP and NPN tran-
sistors can be applied. A good in-circuit check, for exam-
ple, is to short the gate and source to remove the enhancing
field and turn off the device.

The previous comments about leakage on printed-circuit
boards are especially true when working with insulated-
gate FET’s. These devices have input impedances as high
as 1015 ohms and any leakage can have a serious effect on
performance.

Because the control element of an insulated-gate FET is,
in effect, a very small and delicate capacitor, special ser-
vicing precautions must be observed. For example, the
electrostatic charge on the human body when the humidity
is low is enough to puncture this capacitor. Also, soldering
irons should always be grounded. The same general pre-
cautions that are observed with microwave point-contact
mixer and detector diodes should be observed when work-
ing with insulated-gate, field-effect transistors.

9.4 Testing FET's

By way of review, the three types of FET’s are the Junc-
tion Gate, the Insulated Gate (non-enhanced or depleted),
and the Insulated Gate (enhanced). The gate insulation
(see Fig. 9-10) is usually a metal oxide, thus the name
metal-oxide semiconductor, or MOS. The similarities and
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TABLE 9-1. PRINCIPAL CATEGORIES

Insulated Gate—

Non-enhanced Insulated Gate—
The Three Junction Gate (DEPLETION) Enhanced
Basic FET’s (J-FET) (MOSFET) (MOSFET)
Type of Can be either Can be either Can be either
Channel N or P channel N or P channel N or P channel
Condition High conduction High conduction Low conduction
of channel (ON at zero bias) (ON at zero bias) (OFF at zero bias)
Comments: Similar to Insulation is between gate and chan-
vacuum tube nel, comparable to a delicate capaci-
pentode tor. Input resistance can be as high

as 1015 ohms. Also similar to pentode.

differences among the three basic types of FET’s are
described in Table 9-1.

The FET symbols and a schematic equivalent of what is
actually inside the devices are shown in Fig. 9-11. Also
shown is why FET’s are hard to test. For example, a dc
ohmmeter could be used to check the J-FET diode but

MOSFET MOSFET
J-FET (NON-ENHANCED) {ENHANCED)
ORAIN b o
GATE
6 s.s. 6 s.5.
SOURCE s s
) o o
1000 TO 10KA
KO (CHANNEL)
FWD
1000 .
¢ ;room ¢ — (SUBSTRATE) 6 —od
c;b\ 1000 21 AND =
SHORT (0I0DE)

OR LEAK

FAWLURES D TO S FAILURES FROM FILM PUNCTURE
FROM OVERVOLTAGE

Fig. 9-11. FET symbols and schematic representation
(examples are all N channel).
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would not work on a MOSFET device due to gate insula-
tion.

In addition, a non-enhanced MOSFET will show a resist-
ance from source to drain while an enhanced MOSFET
will not. However, between substrate and source or drain
in both MOSFET’s you will essentially see a diode. Inci-
dentally, enhanced as used here means a channel must be
“created” by the gate field to allow carriers (electrons in N
channel, holes in P channel) to move from the source to
the drain. Therefore, in an enhanced MOSFET you would
have to forward bias the gate/source to start conduction.
Thus you can see that enhanced MOSFET’s are basically
OFF devices, while non-enhanced (depleted) MOSFET’s
and J-FET’s are basically ON devices.

Testing FET’s—In Circuit

Before removing any FET from its circuit, try these in-
circuit test tips: J-FET—short the gate to source and the
device should start conducting heavily, as you have re-
moved the field which pinches the channel. You can check
this by monitoring either the dc source voltage (it will go
up) or the dc drain voltage (it will go down). MOSFET
Non-enhanced—short the gate to source, or gate to sub-
strate. Usually you will find the source and substrate con-
nected together. As with the J-FET, the non-enhanced
MOSFET will conduct more heavily. MOSFET Enhanced—
short the gate to source, or gate to substrate. As mentioned
above, the source and substrate are usually connected to-
gether. In this case the device should turn off, since the
enhancing field has been removed. Check by monitoring
the de voltages on the source or drain.,

Testing FET's—OQut-of-Circuit

For an out-of-circuit tester to be really useful, it must
be able to test both P and N junction-gate and insulated-
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Fig. 9-12. FET checker.
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Fig. 9-13. Tester redrawn to show FET diode equivalent
and how control affects output.

gate FET’s, plus have the ability to test enhanced as well
as non-enhanced FET’s. Figure 9-12 shows the schematic
of a FET checker that will test all of these types, including
the enhanced MOSFET in the test socket.

This is a dynamic checker that uses a 1-kHz square wave
to provide both signal and ‘“power” to the device under
test. Table 9-2 describes the waveforms you should see
on an oscilloscope when testing good FET’s.
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TABLE 9-2. EXAMPLES OF GOOD WAVEFORMS
USING FET CHECKER

MOSFET
J-FET (non-enhanced)

D | G| G

(enhanced)

ALWAYS ON
v
P P N
oOva-bA- channel channel channel
>V “CoNTROLLED
HALF
CONTROLLED
15V HALF
N N P
oV - channel channel channel
-5V;
ALWAYS ON
" 3 Leads 4 Leads 4 Leads
(4 with case) controlled half controlled half
controlled half does does not go all goes all the

not go all the

{ way to zero
way to zero the way to zero y

Using the example shown in Figs. 9-12 and 9-13, Table
9-2 shows that for a good N-channel, enhanced MOSFET,
the control should not affect the top half of the squarewave
but should make the bottom half vary in value from nor-
mal, that is from —5V, to zero. (Now you can see that your
squarewave input signal must swing between a positive
voltage and a negative voltage to cover all FET types.)
To make an N channel enhanced MOSFET conduct, we
have to put a positive signal on the gate with respect to
the source. This happens when the bottom of the poten-
tiometer is more positive than the top of the pot, that
is, whenever the squarewave input is in the region be-
low 0 volts. This is the region where you would have
control because by varying the position of the pot wiper
you vary the amount of enhancement voltage applied to
the source.
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The reason the top half of the squarewave is always on
is because the FET diode between substrate and drain is
forward biased during this time. The diode between sub-
strate and source is shorted out by the jumper wire on
the tester socket. This jumper provides a reference point
for the substrate so it won’t float around. While we’re on
that subject, the 2-meg resistor provides a bleed path for
any charge that might build up on the gate if the wiper
accidentally lifts off the pot. The 10K resistor is a current
limiter needed only for J-FET’s and then only when the
pot wiper is at the maximum to forward bias the gate/
source diode. Without the 10K limit resistor you would see
amplitude loading on the squarewave generator. The im-
portant thing about the generator is that the output be
symmetrical around zero and that you can get a 10V peak-
to-peak output.

You can verify Table 9-2 by doing a similar analysis
for a J-FET and a non-enhanced MOSFET. The oscillo-
scope display should look like what is shown in Table 9-2,
plus if you have leakage in the FET you may have round-
ing on the trailing edge of the squarewave. Obviously, with

SOCKETS ARE LAFAYETTE RADIO 33R87289;
OTHERS MAY EXIST BUT ARE DIFFICULT TO FIND.

Fig. 9-14. Top view of FET tester.
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a completely defective or shorted gate, you won’t get any
gate action so you won’t get any change when you vary
the control. After you have built your checker, you had best
experiment to learn the subtleties of what represents good
and bad.

When you begin constructing a checker of your own, I
would recommend installing four 4-pin sockets in parallel
to cover the many different FET socket configurations.
The ones I recommended are shown in Fig. 9-14. Once
you have these configurations identified, you can use the
checker, along with Table 9-2, to identify unknown FET’s.
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Handling Transistors

Several of the early taboos in working with transistors
no longer exist. Early point contact and junction devices
were, for example, often ruined if dropped. Today, both
germanium and silicon transistors are quite rugged and
this kind of damage is practically a thing of the past.

10.1 Cutters

Transistors can be ruined by cutting the leads with diag-
onal cutters that use a erimping action instead of a shear-
ing motion similar to scissors. The force with which the
cut lead flies through the air gives an indication of the
shock wave that travels up the lead into the semiconductor
material. Modern transistors can withstand considerable
punishment of this type, but it is wise to use a scissor-like
cutting tool or else hold the transistor lead near the case
with a pair of pliers. If the transistor is already soldered
to a printed-circuit board, the soldered connections will,
of course, dampen any shock waves traveling toward the
device.

10.2 Epoxy Cases

A relatively new type of package that deserves special
mention is the epoxy case transistor., These cases are
usually used with the less expensive line of silicon devices;

87
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however, many of these transistors have surprisingly good
specifications. Cost is quite reasonable, When these units
were first introduced, there was some apprehension due to
the moisture absorbing tendencies of epoxy. Time and ex-
perience, however, have shown these fears to be unjusti-
fied. The only place where leakage from moisture has been
a problem is on the surface of the case. The leads are
usually very close together, and on some units they extend
out of both the top and bottom of the package. Heat dis-
sipation is not as good on epoxy units as on conventional
metal-case transistors and clip-on heat sinks may, in some
cases, prove worthwhile,

10.3 Silicon Grease

When replacing power transistors, it is extremely im-
portant to use silicon grease between the transistor and
heat sink. Heat is the number one destroyer of transistors,
with germanium being more sensitive than silicon. Between
the transistor and the surrounding ambient area there are
three areas of thermal resistance; namely, between the
junction and case, between the case and heat sink, and
between the heat sink and ambient area. Silicon grease
greatly reduces the thermal resistance between the case
and heat sink and this makes it easier for the heat to move
from the semiconductor chip to the outside world.

10.4 Dip Soldering

Special precautions must be taken when dip-soldering
transistors that are mounted on printed-circuit boards.
When the solder is in the molten state, the transistor leads
may slide down through the holes in the printed circuit
boards. With conventional transistor packages, the metal
case may, as a result of the slippage, short out two or more
of the printed-circuit conductors. This problem is solved by



Handling Transistors 89

inserting a small insulating spacer between the transistor
and the printed-circuit board. Another solution is to put an
S-shaped crimp in the transistor lead. When the transistor
is mounted, part of the S is below the board and part is
above and this locks the transistor in position.
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Troubleshooting Techniques

11.1 General Procedures

To function as an amplifier, a transistor must have its
emitter-base junction forward biased. Figures 11-1A and
B show typical circuit arrangements for normal forward
bias conditions. Thus, the first thing to do is to see if the
transistor base-emitter junction is forward biased. Gener-
ally, if a VI'VM is used, it is best to measure the emitter
and base voltages with respect to ground, since ground

— 20V + 20V
> = =
$RL=6.8K SR *6.8K
>
S:RI :E Ry
p—0 O
-6.4V ) +6.4V
O—psz2:2V ﬁ7> o +2.6V m)
-2.0V +2.0V
sR2 ::Rz
‘: - < +
SIK $T IOOuF :,IK :\IOO[.LF
e, O O
(A} Germomum Tronsistor Bios Conditions (B) Silicon Tronsistor Bios Conditions

Fig. 11-1. Transistor test circuits.
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Fig. 11-2. Modifying a circuit for troubleshooting
purposes.

loop currents of sufficient amplitude to damage the tran-
sistor may be flowing through the VTVM. Many new
VTVM’s have exceptional high isolation and can be placed
directly across the base-emitter junction. Older VTVM’s,
however, may damage a transistor if placed directly be-
tween the emitter and base. It is best to check the charac-
teristics of a VTVM before it is used.

If the transistor is forward biased, the next thing to do
is to see if it is behaving as an amplifier. Short the emitter
to the base to remove the forward bias. The collector volt-
age should then rise to the approximate level of the supply

+I8V
5K S
: T
i: 100K Jriev,
+18V o
o1 Sreax
v
B Jo
10K
SIK X
26)

Fig. 11-8. Open emitter.
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voltage. (Any difference is caused by I¢o, the collector-to-
base leakage current. The higher the collector voltage rises,
the lower I¢y, and the better the transistor.)

11.2 Transistor Faults

A few voltage checks are usually sufficient to reveal a
defective transistor. To pinpoint the specific cause of fail-
ure, refer to the typical circuit of Fig. 11-2 and open
resistor R,. If there is no voltage drop across resistor R,,
Fig. 11-3, the emitter is open. The absence of a voltage
drop across resistor Ry, and the presence of a voltage drop
across Rg indicates an open collector. See Fig. 11-4. The

+18V

>
100K gV

Fig. 11-4. Open collector.
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absence of forward bias, Fig. 11-5, indicates an emitter-to-
base short. Finally, if there is no voltage drop between the
emitter and collector, Fig. 11-6, these two electrodes are
short circuited. Be careful not to confuse the last noted
symptom with a saturated transistor having, perhaps, 0.1
volt or less between the emitter and collector. The condi-
tions of saturation can be verified by momentarily shorting
the emitter and base while monitoring V¢, as previously
described.
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Fig. 11-5. Emitter-to-base short.
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Fig. 11-6. Emitter-to-collector short.

11.3 Other Faults

If the emitter-base junction seems to be reverse biased,
look for a shorted coupling capacitor between the emitter
of the stage under test and the collector of the previous
stage.

An interesting problem is illustrated in Fig. 11-7. In
this circuit, both transistors are of the NPN type. Note that
Q: has 0.8 V reverse bias on its emitter-base junction, but
the 2.0 volts on the emitter means that there is 2 mA of
emitter current. Now, since the emitter-base junction is not
shorted, this 2 mA of current also flows through the 8K
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resistor in the collector of Q.. Therefore, the collector volt-

age, Ve, is 18V — (8K) (2 mA) = 2V, Thus, it would
appear that Q, has a short between collector and emitter.

+18V

> >
2 8K g
: S
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\4
x
AY
PAl

Fig. 11-7. Two-stage test circuit.

Another interesting problem in troubleshooting is illus-
trated in Fig. 11-8. Although the emitter current of Q, is
1 mA, the collector current is only 0.52 mA. Stage Q. shows
5 mA flowing in both the emitter and collector circuits, so

+ 15V
-+
- R
Rig $ok
< <
+14V < "5

(r
o—¥ Q 24—

Fig. 11-8. Circuit for practice troubleshooting.
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Q. is either shorted or saturated. The one voltage that
would answer this question is not given; i.e., the voltage
on the base of Q.. If everything were working correctly,
this voltage would be approximately

Ve — (15) (10K)
B= 100K

What appears to have happened is that C; is shorted.
This would explain why there is only 0.52 mA flowing
through resistor Ry. The other 0.48 mA is flowing through
C; and resistor Rg. If C; were shorted, it would also explain
the voltages on Q., which would then have the correct 0.2 V
forward bias on the base-emitter junction. The 5.2 V on the
base would produce 5.0 volts on the emitter, which, in turn,
would cause the 5 mA of d-c current to flow and Q. would
saturate,.

If capacitor C; were replaced, the base voltage of Q.
would be 1.5 V dc, and the voltage on the emitter would
be about 1.3 V dec. This, in turn, would cause about 1.3 mA
of de to flow. The resultant collector voltage would be
12.4 V de.

This circuit has a very interesting characteristic; i.e.,
even with C; shorted it produces a voltage gain of about
200, and it would be rather easy to assume the circuit is
working properly. However, using the fast techniques for
voltage gain calculation, this amplifier should produce a
gain of :

A~ ( _ 0.9R,,> ( _ 0.9R,‘)
hib hlb
/0.9 X 10K || 10K || 2K) < —0.9 X 2K )
o ( 30 20

1.5 d-c volts

~ 4000

Thus, with a 1 m-V input, the output would be about 4
volts. In other words, most amplification stages without a
feedback resistor in the emitter have a gain of around 100
and two stages have a gain of nearly 10,000. This is much
greater than a gain of 200.
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11.4 Out-of-Circuit Ohmmeter Tests

In about 90 percent of cases, an chmmeter can be used
to test a transistor. However, a certain amount of care must
be used as every ohmmeter has a few ranges that put out
enough current or voltage to damage the transistor. Table
11-1 describes several of the more popular ohmmeters. The
bold face numbers show the completely safe operating
ranges. Although the R X 10 and R X 100 ranges are usual-
ly not in bold face, they would be safe on all but VHF and
fast switching transistors. Since the transistor will have
an effective resistance of its own, the actual current flow
will be considerably below the values of current given in
Table 11-1,

1. Small signal (PNP Germanium) (see Fig.11-9A)

Positive lead to emitter—common

Negative lead to base—approximately 200 to 500
ohms

Negative lead to collector—approximately 10K to
100K

(Short collector to base and R should be lower than
base alone, i.e., shows transistor action)

(a) (87

Fig. 11-9. (A) Ohmmeter readings for a PNP small
signal, Ge transistor; (A) ohmmeter readings for a
PNP power, Ge transistor; (B) ohmmeter readings
for an NPN, small signal, Si transistor; and (B) ohm-
meter readings for an NPN, power, Si transistor.

2. Power (PNP Germanium) (see Fig. 11-9A)
Positive lead to emitter—common
Negative lead to base—approximately 30 to 50 ohms
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Negative lead to collector—approximately several
hundred ohms
(Short collector to base and R should be lower than
base alone, i.e., shows transistor action)
3. With NPN, reverse meter polarity.
4. Small signal (NPN Silicon) (see Fig.11-9B)
Negative lead to emitter—common
Positive lead to base—1K to 3K
Positive lead to collector—very high, may read open.
5. Power (NPN Silicon) (see Fig. 11-9B)
Negative lead to emitter—common
Positive lead to base—200 ohms to 1K
Positive lead to collector—high, often greater than
1M

TABLE 11-1. CHARACTERISTICS OF COMMON

OHMMETERS
Make, Model, Open Circuit Short Circuit
and Range Voltage Current Polarity
HP 412A (VTVM)
R x 1 0.01 V 8.0 mA
R X 10 1V 10.0 mA RED +
R x 100 10 V 10.0 mA
*R X 1K 1.0V 1.0 mA BLACK —
R X 10K 1.0V 100.0 «A
R X 100K 1.0 V 10.0 xA
R X 1M 1.0 V 1.0 A
R X 10M 1.0 V 0.1 zA
HP 4108 (VTVM)
R X1 1.1V 120 mA
R X 10 1.1V 11 mA RED —
R X 100 1.1V 1.1 mA
R X 1K 1.1V 110.0 xA BLACK +
R X 10K 1.1V 11.0 #A
R X 100K 1.1V 1.1 xA
R X 1M 1.1V 0.11 uA

* Numbers in bold type indicate safe range.
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TABLE 11-1. CHARACTERISTICS OF COMMON
OHMMETERS (Cont.)

Make, Model, Open Circuit Short Circuit

and Range Voltage Current Polarity
HP 410C (VTVM)
R x 10 1.3V 55 mA
R x 100 1.3V 5.7 mA RED +
R X 1K 1.3V 0.57 mA BLACK —
R X 10K 13V 57 ®A
R X 100K 13V 5.7 wA
R X IM 13V 0.5 uA
R X 10M 13V 0.05 #A
SIMPSON 260 (VOM)
R X 1 1.5V 125 mA RED +
R X 100 15V 1 mA
R X 10K 75V 60 iA BLACK —
SIMPSON 269 (VOM)
R X 1 15 V 74 mA
R X 10 1.5 V 8 mA RED —
R x 100 15V 8 mA BLACK +
R X 1K 15V 0.82 mA
R X 10K 24 V 1.3 mA
R X 100K 30V 13 uA
TRIPLETT 630 (VOM)
R X 1 15V 320 mA RED —
R X 10 1.5 V 32 mA BLACK +
R X 100 15V 3.25 mA (Varies with
R X 1K 15V 325 uA serial
R X 100K 225 V 70 pA number)
TRIPLETT 310 (VOM)
R X 1 15V 7.5 mA RED —
R X 10 15V 750 A BLACK +
R X 100 15V 75 uA (Varies with
R X 10K 15 v 75 kA serial
number)

* Numbers in bold type indicate safe range.
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Ohmmeters have limitations in transistor testing. It is
difficult, for example, to identify a power transistor with
high leakage current.

If you are working with transistors a great deal, it is
probably advisable to buy one of the commercial transistor
testers. A transistor checker should at least test for leakage
and give hyy: or hy, at some current level such as 1 mA.

11.5 Rapid Troubleshooting Procedures

Taking all the information we have covered and orient-
ing it specifically toward rapid troubleshooting techniques
lead to a logical summary of practical tips. Before decrib-
ing specific tips let’s take a moment and review the key
transistor characteristics that are important from a trou-
bleshooting point of view.

A conventional PNP or NPN transistor has three operat-
ing states:

A. Off, that is an open switch.

B. Part way on, bias voltages are set so the transistor
can amplify, i.e.,, it can be turned further on or
further off. This is the normal bias condition for
amplifiers.

C. Saturated, behaves like a closed switch. Saturation is
defined as where the IR drop across the emitter and
collector resistors equals the supply voltage. The
interesting thing about saturation is that both the
base-emitter and base-collector diodes are forward
biased. A saturated germanium transistor may have
as low as 0.05 volts between its emitter and collector
while a saturated silicon transistor might have about
0.5 volts between these leads. Saturated or off are
the usual conditions found in digital circuits.

In troubleshooting transistor circuits, the most impor-

tant area to examine is the base-emitter junction as this
is the control point of the transistor. Remember that con-
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ventional PNP and NPN transistors are basically “off”
devices and must be biased “on’ to their operating point.
This is done by forward biasing the base-emitter junction.
Therefore, the status of the base-emitter diode tells exactly
what the transistor should be doing. This diode is made
out of either silicon or germanium. If the transistor is
silicon and has approximately 0.6V forward bias between
base and emitter, the transistor should be ‘“on.” The
amount it should be on depends upon the current gain (B)
of the transistor, the resistors in series with the collector
and emitter, and the supply voltage. If the transistor were
germanium and had approximately 0.2 volts forward bias
between base and emitter, it would behave in the same
general fashion.

If the transistor has zero bias or reverse bias on its base-
emitter junction, it should be turned off. If it is not off
under these conditions, it is either shorted or leaky.

This review leads us to our first troubleshooting tip.

TIP #1: Measure the base-emitter voltage. From this
decide how the transistor should be behaving. Then look at
the collector voltage and see if the transistor is behaving
as it should be.

+I10V
, !
3Rq SRL
+5v
O
0.6V [
S~ |
2Ry RE%E T
o » ¢ —O

Fig. 11-10. Properly biased transistor.
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For example, if the base-emitter voltage is 0.6V forward
biased and the collector voltage is the same as the supply
voltage, something is wrong. Probably the collector-base
junction is open.

Expanding on this idea leads.to our second troubleshoot-
ing tip.

TIP #2: Modify the control signals present and see if
the circuit responds accordingly.

For example, Fig. 11-10 shows a normally biased NPN
silicon transistor with the bias resistors adjusted to have
the transistor turned on half way. Now remove the for-
ward bias on the base-emitter diode junction by adding

+l0V
P
S Rg ;: RL
+10vV
O
O—
8 SHORT |
$Rp 3 T
o » ¢ O

Fig. 11-11. Amplifier with forward bias removed.

the short as is shown in Fig. 11-11. When the short is
added, the collector voltage should rise to within a few
tenths of a volt of the supply voltage. If it doesn’t, we’ve
identified a bad transistor. This technique is perfectly
safe in a-c coupled circuits. In some d-c coupled circuits
we could cause damage if base-emitter shorts are applied
around high power levels such as the output stage of a
power amplifier.

When we use this technique, the collector voltage would
rise to exactly the supply voltage if there was collector-
base leakage current. Since all PNP and NPN transistors
have some leakage let’s review this area.
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+i10V

-:; v
)
——A N4
+
(]
<
o)

+3Vv
o—
+2.8v
C R e

Fig. 11-12. NPN germanium transistor with
bias voltages.

Figure 11-12 shows a properly biased transistor. Note
the collector voltage is more positive than the base voltage
—thus in normal operation the base-collector diode junc-
tion is reverse biased. This reverse-biased diode should be
off but because we have never been able to make a perfect
diode there is a very small current leaking across it. This
leakage current flows across the collector-base junction
and part of it goes through the base-emitter (control point)
junction.

Since leakage current is extremely temperature sensi-
tive we can use this to our advantage in troubleshooting:

TIP #3: When a transistor with excessive leakage is
sprayed with coolant, it often starts behaving properly.
Conversely, heating a leaky transistor will make the prob-
lem much worse.

In an amplifier stage excessive leakage current can cause
clipping distortion because of the shift in the quiescent
operating point.

TIP #4: In an amplifier with clipping distortion try
cooling each transistor. Quite likely you will find that when
one transistor is cooled the clipping distortion disappears.
That transistor probably has excessive leakage.

Even though all these tips are good ones there is a tran-
sistor tester that will speed up troubleshooting even more.
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L VERTICAL
b4
110V AC __L GROUND
7T\ TRANSISTOR <
{ } (DIODE)
\1l /7 UNDER TEST
HORIZONTAL

Fig. 11-13. Transistor checker (simplified schematic).

This tester works on the known fact that PNP and NPN
transistors are made up of two diodes and examines each
diode independently. The display is shown on an oscillo-
scope.

Figure 11-13 shows a simplified schematic of the tran-
sistor checker. This schematic shows that the scope vertical
signal is proportional to the current through the transistor
diode while the horizontal signal is proportional to the
voltage across the transistor diode.

With the tester connected as shown we would expect the
following waveforms:

OIS,

SHORTED DIODE OPEN DIODE RESISTOR CAPACITOR OR
INDUCTOR

Fig, 11-14. Tester waveforms.

Since our transistor checker puts out a sine wave that
has alternatively positive and negative half cycles we
would expect a perfect diode to behave as shown in Fig.
11-15.
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Fig. 11-15. Waveform of good diode.

SIG

Fig. 11-16. Possible waveforms for a good transistor
diode junction.

In actual practice the waveforms shown in Fig. 11-16
are obtained because we do not care which lead is on the
base and which lead is on the collector (or emitter).

The waveforms in Fig. 11-16 are typical of out-of-circuit
transistor checks. Note in Fig. 11-17, which shows a com-
plete schematic, there is a switch for “In-Circuit” and
“Out-of-Circuit” operation. (Switch is closed for “In-Cir-
cuit” operation.) When performing In-Circuit tests there
are usually resistors and capacitors associated with the
transistor under test. The result is often a waveform such
as is shown in Fig. 11-18.

The loop in Fig. 11-18 shows there is associated capaci-
tance (probably a coupling capacitor) and the fact that
the waveform is not a perfect “right” angle is because
of the associated resistance (probably bias or load re-
sistors).

This transistor tester leads to our next troubleshooting
tip.
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TIP #5: Use the transistor checker for rapid testing.
Make sure to test both the base-emitter and base-collector
diodes.

A little experimenting with a printed circuit board con-
taining many transistors will rapidly show you the various
waveforms you will encounter for good transistors. The
important thing to look for is whether or not the wave-
form has a “break” in it (pt A in Fig. 11-18). If it does,
the transistor diode is good. Remember, the lower the bias
resistors, the less defined the “break” (pt A Fig. 11-18)
and the more the waveform appears like a ‘‘short.” Of
course, when testing out-of-circuit the “break” will be very
sharp—just like a true diode.

This testor can also be used for testing tunnel diodes.
The waveform is shown in Fig. 11-19.

When testing tunnel diodes, make sure the switch is in
the In-Circuit position as you need the extra current.

10K
S W 01 SHORT
P4
356k [
) v OPEN
>
— 3680 \ RESISTANCE
«

3 1
e ——— 1 )
L _ TOXTR UNDER TEST | L > CAPACITANCE
10K

Fig. 11-17. Transistor checker (complete schematic).

Section 11.4 described using an ohmmeter to test a tran-
sistor. From this information we obtain tips 6 and 7.

TIP #6: Measure the short-circuit current and open-
circuit voltage for each resistance scale on your VOM's
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Fig. 11-18. Typical in-circuit waveform for a
good transistor.

Fig. 11-19. Tunnel diode waveform.

and VTVM’s. Keep this information along with the polarity
of the leads on a chart on the back of the ohmmeter.

TIP #7: If you are using a VI'VM make sure the range
you are using has enough open-circuit voltage to over-
come the 0.2V for germanium and 0.6V for silicon. Other-
wise you will get an unsatisfactory reading.

If you do not have a good leakage current tester you can
still measure Icpo with the arrangement shown in Fig.
11-20. Short the emitter-base junction simultaneously
measuring the drop across the collector load resistor. For
example, if you did this and measured 30 mv across a 10K
load resistor (with the emitter shorted) your leakage cur-
rent would be I = E/R = 30mv/10K or 3ua, which would
be about right for a germanium transistor at room tem-
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> e
< Rg :: Ry VRL
e
S
§ SHORT
3 Rb Re i: ~C
(o,

Fig. 11-20. Technique for measuring Iggq.
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Fig. 11-21. Two-stage amplifier.

perature but is a little high for a silicon surface-passivated
transistor.

TIP #8: Measure I;po by shorting the emitter-base junc-
tion and monitoring the voltage across the collector load
resistor. Icpgo = Vi /Ry, (see text).

One of the most common mistakes in analyzing tran-
sistor circuits is to miscalculate a stage gain in a multi-
stage amplifier. For example, an excellent approximation
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of stage gain is A, =~ —Ry/hy, where h; is 300 at 1IMA
of d-c emitter current, 15Q at 2MA, etc. The problem
comes in plugging in the correct value for Ry. Figure 11-21
shows a two-stage amplifier. The correct value for Ry, is
not the actual value of this resistor but rather the parallel
combination of Ry, R., Ry, and Ry, of Q.. Usually the Ry,
of Q, is the most dominant factor in this combination.

TIP #9: When calculating the gain of a stage be sure to
include the parallel loading effects of the next stage bias
resistors and input impedance.

All of these tips relate back to important characteristics
of transistors. Of course, there are many other tips that
are common to NPN and PNP transistors as well as to
FET’s and vacuum tubes but that is beyond the scope of
this book.
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Rule-of-Thumb Formulas

Grounded Emitter (R, < 20K and neglects biasing resis-
tors. R, is the R, of the circuit) :

RL RL
re OR
$ :::
o ¢ —0 o o
4 = POSITIVE GOING SIGNAL
T = NEGATIVE GOING SIGNAL
A~ “‘;ﬁR‘L% _0.03Ry, | Iy (mA) |
Ai s O.Shh or O.SB
24h,,
Rl == 0-8h1e =~ O.ghfeh]b = m
R, =~ R, since R, of transistor ~ —hl—

Emitter Feedback (R, < 20K and neglects biasing resis-
tors. R, is the R, of the circuit) :

109
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RL
—To
RE
o- : o
—Ry, —Ry, .
Ae o RIL + hib [ad RE if RL >> hlb

Ai =~ 0.8hge
Rl ~ O-8hfe(RE + hib)
0.8h. R if Ry = 5000 0
. . fe
R, = R, since R, of transistor ~ 3
Grounded Collector, or Emitter Follower (R, < 20K and
neglects biasing resistors. R, is the R, of the circuit) :

Q-

SENTAEY —i—o
$Re $
o —o o o
A +Re

e%mwﬁ—]. 1fRE>>hlb
A~ —0.8hs or —0.88
R; =~ 0.8h,. (Rg + hy)
0.8h,. Rp if Rz = 5000

R, ~ h*e}’l*"—Rx ~ 10 to 5000
fe
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Collector Feedback (R, < 20K and neglects biasing resis-
tors. R, is the R, of the circuit) :

$RL $h
gt = 3h )
oO—rt OR o—dL—g
$ X
< +
o -0 o °
A~ =RellBe __ 003R, | I, (mA) |
hy,
R
A~ R;
R: hy, .
R1~ RL “ Rf lfRf >> RL

Ry~ hy if Re << R
Ri = 2h1b if Rf ~ RL

R, ~ R, (h“’ 1 >||RL ifR,>> R,

R, + hy,

R, ~ (%+hm> IR. ifR,>> Ry

fe
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Exact Formulas

Grounded Emitter (R, is the R, of the device and not the
circuit. A = h;.h,. — h,.he) :

RL R

OR

o . O O- -0

1 = POSITIVE GOING SIGNAL
T = NEGATIVE GOING SIGNAL

- hte
A‘ o 1 + hoeRL
R'l - hlc - Ai RLhre
— _ AR
Ae —_— Al Rl
R _ hle + Rz
7 A+ heR,

Emitter Feedback (R, is the R, of the device and not the
circuit) :

112
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Ry

O— . O
A _ hte — hoeRE
'7 1+ he(Ry + Rg) .
Ri = hie + (1 + Ai)RE - hn* (hfe - Ai)

Ae_—AfI‘;
() (Rt ge)
Ro=Ret -+ Frche

Rx+hle+RE_‘T

Grounded Collector or Emitter Follower (R, is the R, of
the device and not the circuit) :

OR
= —¥—o0
Re 3
O o O (o -O
— 1+hfe
A=—7 + h.Rg
Rl f— hle+ (hre_ 1) A| RE
R
A=—Ag,
l+hle

Ro= R, Thobe + (he + D (I =)
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Collector Feedback (R, is the R, of the device and not the
circuit. A = h;.h,. — h.he) :

:;RL IERL
1a, +——o tny -
o_\_@> on &_L_g
| S
O O o O
A — R:he. — hy,
"7 hie+ Re+ hoeRiRe + R (1 4+ hee + A — hy.)
hie
R — SRR
- hle 1 1+hfe_hre+ A
bt gR TR, T R,
Ae = — Ai IR{'I;
hie 1 - hre hre -1
1—h (h‘e "R, ( R, ?)
o - re f f g
Ro=| hut+—g— + he | Ba

1+ R, +—I§
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Amplifiers
common-base, 30, 31, 34, 35
common-collector, 30, 31, 47
equations, 110, 113
common-emitter, 26, 27, 30, 36,
37, 38, 41
biasing, 14, 22
distortion, 51
equations, 36, 37, 39, 40, 42,
109, 112
feedback, 40, 51
design, 41, 42, 53, 109-114
emitter-follower (common-
collector), 30, 31, 47
feedback, 40, 45, 51, 52
field-effect, 74
formulas, 109-114
multistage, 42, 53
temperature compensated, 24,
58
Arsenic, 2
Atom, 2
Avalanche, breakdown, 57
Avalanche, diode, 58

Base-emitter junction, 27, 90
Base-emitter voltage, 27, 90
Beta, 18, 37, 100
Biasing
collector feedback, 19
emitter, 18
FET, 75, 78
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Biasing (continued)
stability factor, 16

temperature compensating, 24

Breakdown diodes, 57

Carriers

majority, 2

minority, 2

storage, 3
Closed loop gain, 54
Collector feedback, 18, 19, 45
Common base, 30, 31, 34, 35
Common collector, 30, 31, 47
Common emitter, 26, 27
Conduction band, 67
Current

feedback, 45

gain, 38

leakage (Ico), 13

Diodes, 10, 14, 24, 58

doping, 2
avalanche, 58
curves, 10
emitter-base, 3
switching, 4

hot carrier, 4, 63, 64, 65

PIN, 4, 60, 61, 62

PN, 3,4
germanium, 10
silicon, 10
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Diodes (continucd)
resistance, 11
step recovery, 4, 58
temperature coefficient, 11
tester, 68
tunnel (Esaki), 66
Zener, 57

Doping, 2

Electric current flow, 10
Electron-hole pair, 6
Electrons, 1, 5, 6
Emitter-base voltage, 10
Emitter feedback, 40, 45, 51
Emitter-follower (common-col-
lector), 30, 31, 49, 110,113

Energy

electric, 6

level, 6

light, 6

thermal, 6

Feedback, 40, 45, 46, 51
Fermi level, 63, 64
Field-effect transistors (FET),
8, 74
gate source leakage, 79
input impedance, 76
insulated gate, 79
junction gate, 74
pinch off, 74
radiation resistance, 77, 79
tester, 83, 85
testing, 80
transconductance (gm), 76
troubleshooting, 78, 80
voltage gain, 77

Gain equations, 40, 48,77,109-114
Gain immpedance relationship, 45
Germanium diode, 10
Germanium transistor, 11, 90

H parameters, 33

hee, 22, 37

HFe, 16, 18

Heat effects, 11

Holes, 1, 4, 5, 6

Hot carrier diode, 4, 63

Ico, 13

Input impedance, 40, 49, 109-114
Insulated-gate FET, 79, 80, 82
Insulators, 1-3

Intrinsic semiconductor, 7

Junction-gate FET, 74
Junctions

hot-carrier, 65

PN, 4

temperature effects, 11

Lattice, semiconductor, 2
Leakage current (Ico), 13
Lifetime, 4

Load line, 29

Majority carriers, 2, 4

Metal oxide FET (MOS), 79, 80

Minority carriers, 2, 4, 7
storage, 3,4, 7

Multistage amplifier, 42, 53

N-channel FET, 74, 81
N-doped material, 2
Noise, 77

FET, 77
NPN transistor, 9

Ohmmeters, 97
testing transistors, 96
Open loop gain, 54
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Operating point, 29
QOutput impedance, 109-114
emitter-follower, 55

P-channel FET, 74
P-doped material, 2
Pair generation, hole-electron, ¢
Parameters, 33
conversion, 37
hybrid, 33
Pentode vacuum tube, 77
PIN diode, 4, 60
PN junction, 10
barrier potential, 5, 6
depletion region, 5, 6
potential hill, 6
See also Diodes, PN
PNP transistor, 9
Power gain, 45
Power supply, 58

Quiescent (Q) point, 29

Radiation effects, 77, 80
Resistance

built-in, 51

emitter, 52
R-F energy, 62
Rule of thumb formulas, 109-114
Runaway, thermal, 15

Saturation, 4, 27, 92, 99
SCR, 70
Semiconductors, 2

light source, 6
Silicon grease, 88
Silicon transistor, 11, 90, 100
Single-stage amplifier, 41
Stability factor, current, 16
Step-recovery diode, 4, 58
Stored minority carriers, 3, 4, 65

Temperature

coefficient, 11, 58

compensation, 22, 58
Tester

FET, 83, 84

transistor, 103
Thermal feedback, 15
Thermal resistance, 88
Thermal runaway, 15
Thermal stability, 15, 16
Townsend, 57
Transconductance (gm), 77
Transistors

Beta, 37

characteristics, 28, 29

damage, 87

epoxy case, 87

field-effect, 74

formulas, 109-114

NPN, 9

operating point, 29

PNP, 9

radiation resistance, 77, 80
Troubleshooting, 90, 92, 94

circuits, 92, 93, 94

field-effect transistors, 77, 80

gain relationship, 95

with ohmmeters, 96, 97

rapid, 99

techniques, 90

tests, 96, 97

tips, 100-108

using emitter-base voltage, 27,

90

with voltmeters, 68, 90, 105
Tunnel diodes, 66, 105

test circuit, 68

Unijunction transistor, 72

Valence band, 2, 7, 67

Voltage breakdown
avalanche, 57
Zener, 57
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Voltage gain
emitter follower, 47
FET, 76
single-stage, 40, 46, 109-114
Voltmeters, troubleshooting
with, 68, 90, 105

INDEX

Work function, 65

Zener breakdown, 57
Zener diode, 57
Zener temperature coefficient, §7



