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Introduetion 
You don't need to know anything about chemistry to bake a cake. 

Just follow instructions. Electronics is different, though. You can't 
experiment intelligently by making connections at random, just to 
see "what will happen". Knowing what will happen in a circuit is an 
important prior condition to building that circuit. 

Electronic components are numerous and complex. There are basic 
component categories such as transistors, tubes, capacitors, resistors and 
inductors. But each of the categories is composed of many variations of 
the basic device. There are power transistors, general-purpose transis
tors, high-frequency transistors, switching transistors, silicon and 
germanium transistors. All are transistors. All are made by a certain 
basic process. All obey certain basic electronic laws. But they are not 
interchangeable with one another because of their special abilities. 

Learning how components work, how they are used is learning elec
tronics. The components are the building blocks of electronic circuits. 
Many are passive units-tubes and transistors are active components; 
they can amplify. 

Transistors are ideal building blocks for the beginner and experi
menter. The voltages and currents are small and can be supplied by a 
small battery or dry cell instead of the bulky, expensive power supplies 
needed for vacuum tubes. There is no need for any connection to a 
potentially dangerous ac power line. 

This is ideal for the experimenter who wants to make his own modi
fications-but they must be done intelligently, in a manner that will 
produce the minimum smoke. Even with a battery supply, components 
can be damaged when connected wrong. To make new devices you must 
know what to do-to conserve components you must know what NOT 
to do. Here's your chance to start at the bottom. 

LOUIS E. GARNER, JR. 



CHAPTER I 

How transistors were horn 

There is a rather ancient story about the three stages in a man's 
education. Unlike ancient jokes, it still remains interesting ... 
that is, if you haven't heard it!! 

It seems that man starts as a babe with no knowledge, no ex
perience and no training. The world and everything in it is fresh 
and new. Everything that happens carries with it a grain of knowl
edge. At the beginning, however, he knows nothing. 

Then he starts to learn. Knowledge grows by leaps and bounds. 
He's exposed to information from every angle-his playmates, 
school chums, parents, and neighbors ... in fact, he acquires 
data from all his acquaintances and experiences. And he absorbs 
much of that knowledge, just like a sponge soaking up water. 
Sooner or later he acquires a vast sum of knowledge. It may be 
during high school, just after college, or at some similar point 
in his career. Exactly when he reaches the second stage is im• 
material, for soon, he knows everything. 

To put it another way-if he doesn't know it, it isn't worth 
learning. 

Time moves on in its relentless path. Our growing man learns 
even more. He acquires new information, new knowledge, and, 
perhaps, a smattering of wisdom. Conservatively speaking, he 
reaches a point where he knows a hundred, a thousand, or per
haps ten thousand times as much as when he knew "everything." 
At this point, however, he gets a tiny glimpse of what remains to 
be known. He has turned full circle and is once more a babe ... 
and he'll freely admit that, like a babe, he knows nothing. 
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In discussing the transistor, then, we'll start at the beginning, 
but we'll assume that you, the reader, are in one of those two 
vast intermediate stages between the points where you know noth
ing and know everything. 

In the early days of radio communication, a standard receiver 
consisted of an antenna-ground system, a tuned (radio-frequency) 
circuit, a pair of electromagnetic headphones and a small "crystal" 
of lead sulphide (galena) or some mineral with similar electrical 
characteristics, such as iron pyrites, carborundum, silicon or mo
lybdenite. The "crystal" was a two-electrode device, and hence was 
called a diode. One electrical contact was made through an ad
justable sharp-pointed wire called a cat's-whisker, while the other 
contact was made through the body of the material, often by mold
ing the individual crystal in a cup of metal alloy. 

The crystal diode has a nonlinear characteristic. Unlike a linear 
device, such as a piece of copper wire, it offers considerably more 
resistance to the flow of electrons (electric current) through it in 
one direction than in the other. As a result, it rectifies or detects 
any alternating-current signal applied to it, converting the ac into 
pulsating direct current. 

The early receiver's operation was fairly simple. Radio signals 
were picked up by the antenna-ground system and selected by the 
tuned circuit, then applied to the crystal diode. Here, the selected 
rf signal was converted into a pulsating de signal which retained 
the original rf modulation envelope, containing the voice or music 
which the radio signal carried. The detected signal, in turn, was 
applied to the headphones and changed into audible sound. 

In a sense, the galena crystal detector, whose use predated that 
of the vacuum tube by many years, is an ancestor of modern 
transistors. It bears approximately the same relationship to the 
transistor that the early two-electrode Fleming valve (circa late 
1890's) bears to our modern vacuum tubes. 

There were other similarities between this forerunner of the 
transistor-the galena diode, and the forerunner of the vacuum 
tube-the Fleming valve. Both were two-electrode devices (di
odes) . Both were used extensively during the early days of radio 
( circa 1890 to 1920) . Both devices had nonlinear characteristics, 
permitting current flow easily in one direction and either prevent
ing or severely limiting it in the reverse direction. Both devices 
were used as rf detectors and as ac rectifiers. 

But these are similarities in application, not in operation. As 
a simple analogy, think of a canoe. While a canoe might be con-
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sidered as "similar" to a bicycle in that both are used for the trans
portation of human beings, there are tremendous differences in 
the construction and in the principles and methods of operation 
of these two transportation "devices." In a like fashion, there are 
important differences between the crystal detector and diode vac
uum tube, even though both are diodes and may be used in 
similar applications. 

The crystal detector is a solid-state device. It depends upon the 
interaction of electrical bonds in solid molecular structures (hence 
the name) for its operation. The Fleming valve, a thermionic 
device, depends on the movement of free electrons in a vacuum 
for its operation. The electrons were released from their molecular 
and atomic bonds by the application of heat to a filament or 
cathode. The modern descendants of these two devices maintain 
the same basic differences. The transistor is a multi-electrode solid
state device, while the present-day vacuum (and gas-filled) tube 
is a multi-electrode thermionic device. 

Both vacuum-tube and transistor development followed roughly 
parallel paths. The first practical device in both "families" were 
two-electrode units (diodes). Later three-electrode devices (tri
odes) were developed. These, in turn, were followed by myriads 
of multi-electrode and special-purpose devices. The thermionic 
tube family developed in logical fashion, but there is a large his
torical gap in the development of solid-state devices-much as if 
the "ancestor" galena diode was in a state of suspended animation 
for decades. 

To understand this, let's go back a few years to the beginnings 
of the vacuum tube. In the early 1880's, Thomas Alva Edison dis
covered an intriguing phenomenon while experimenting with his 
newly developed incandescent lamp. If he placed a platelike elec
trode in the lamp bulb near the filament and connected it to the 
positive side of the filament's de power source, he found that a 
small electric current flowed between the plate and its connection 
to the filament. This action, called the Edison effect after its dis
coverer, was simply a scientific phenomenon with no practical 
application until the English scientist Fleming developed his two
electrode "valve" in the late 1890's. The Fleming valve was the 
first true vacuum tube. 

About 1906, a relatively few years after the invention of the 
Fleming valve, Lee De Forest added a third electrode to this early 
vacuum tube and in so doing invented the triode tube, which he 
dubbed the Audion. This third electrode-a gridlike structure-
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was located between the filament (cathode) and plate electrodes 
of the Fleming valve. Since a small voltage applied to this grid 
could control the stream of electrons flowing from cathode to plate 
(and hence output current), the triode could be used to amplify 
as well as to detect electrical signals. This important invention 
laid the foundation for almost all later developments in electronic 
technology. 

The early Audions were bulky, not too reliable and extremely 
expensive. But in the decades following its invention, one develop
ment followed another with almost clocklike precision. Mathe
matical techniques were developed for designing vacuum tubes 
with special electrical characteristics. Production methods were 
modified and refined; the hand assembly of individual vacuum 
tubes was replaced by efficient machine production techniques. 
Vacuum-tube types multiplied rapidly. Before long, tubes were 
available in many sizes, styles and varieties from subminiature 
units about the size of a cigarette to giant power tubes as tall as a 
man. Prices dropped, too, as production methods improved. It 
became possible to buy good-quality tubes for just a fraction of a 
dollar, a real saving compared to the many-dollar price tag of the 
original Audions. 

By the l 920's, the vacuum tube had made possible a giant new 
industry-radio broadcasting. And by the 1930's, tubes were being 
used by the millions in radio receivers for the common man. 
The vacuum tube, originally an expensive experimenter's play
thing, had become a household item. 

The invention of the vacuum tube laid the foundation for 
scientific wonders-radio, television, radar, sonar, automatic con
trols, electronic "brains" and computers-in fact, all the electronic 
miracles so essential to modern living. Whole new industries were 
(and are) based on the vacuum tube and its application. It brought 
immense wealth to hundreds, new employment and opportunities 
to hundreds of thousands, and enjoyment, entertainment, and 
better living to hundreds of millions. 

But for all its marvelous qualities, the vacuum tube has a num
ber of disadvantages. It is comparatively inefficient. The power 
required to heat its filament to red-hot temperatures contributes 
little, otherwise, to the operation of the device. And the heat de
veloped by its filament contributes to the rapid deterioration not 
only of the vacuum tube itself but to that of nearby electrical 
components. Yet the high heat is essential if the electrons are to 
be "freed" of the cathode. Tubes burn out, short, or become de-
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fective in so many different ways, and so often, that engineers and 
technicians frequently remark, "There's nothing wrong with 
electronics that getting rid of the vacuum tube won't cure." 

While this statement is more wishful thinking than hard reality, 
it does reflect the fact that from 75% to 90% of the "troubles" 
which develop in receivers and other electronic equipment are 
caused by or the result of defective vacuum tubes. With this in
centive, then, research scientists started to search for a device 
which could do the same job as the vacuum tube but without its 
disadvantages. 

In contrast to the logical and fairly rapid development of the 
vacuum tube, the crystal detector was known-and in use-long 
before the invention of the Fleming valve. But this first of the 
solid-state devices lay almost dormant for nearly half a century. 
It was not until 1948 that Messrs. Shockley, Bardeen, and Brattain 
of the Bell Telephone Laboratories invented a three-electrode 
solid-state device capable of amplifying as well as detecting an 
electrical signal. This device, like the earlier galena detector, con
sisted of a small piece of crystalline metal to which body contact 
was made, with additional electrical contacts made through fine 
wire cat's-whiskers. In this case, however, two closely spaced cat's
whiskers were used. 

Physically, this solid-state amplifier was a small brass tube with 
a metal plug near one end and an insulating plug about midway 
along its length. Fixed to the metal plug was a small rectangular 
block of crystalline germanium alloy about I /20 inch square by 
about l / 50 inch thick. The two cat's-whiskers resting on the block 
were only a few thousandths of an inch apart, and were attached 
to heavier metal pins fixed in the insulating plug. 

The name for this new solid-state triode was coined from two 
words which seemed to describe its action-transfer and resistor, 
hence, transistor. In 1951, with the development of the junction 
transistor, a new type which didn't require the cat's-whisker con
tacts, the term point-contact transistor was adopted to distinguish 
the earlier unit. Today, the original point-contact transistor is 
largely obsolete and no major commercial manufacturer is pro
ducing it. However, the basic schematic symbol for the point-con
tact transistor (Fig. 10 I) , originally designed to show the base 
crystal and the two point-contact cat's-whiskers (emitter and col
lector electrodes), was retained. Today, it is used to represent all 
triode transistors. 

The first transistors, much like the first vacuum tubes several 
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decades earlier, had a number of undesirable features which se
verely limited their application to radio-electronic circuits. These 
included poor stability, excessive internal noise, high cost of manu
facture, sensitivity to changing environmental conditions (such 
as heat and humidity) and difficult-to-reproduce characteristics. 
Often, three or four transistors of the same type had entirely dif
ferent electrical characteristics. 

But, for all its faults, the transistor seemed to be an answer to 
an engineer's prayer. With no filament to b'urn out, the unit op
erated at room temperature and, theoretically at least, seemed to 
have an infinite service life. Eliminating the filament in an ampli
fying device brought with it an even greater advantage-it elimi
nated a wasteful use of electric power, with the result that the 
transistor's efficiency was many, many times greater than that of 
vacuum tubes. 

Following its invention, the transistor "evolved" in much the 
same way that the vacuum tube had several decades earlier, but 

CAT' $-WHISKER POINT-CONTACTS 

EMITTER 
ELECTRODE 

COLLECTOR 
ELECTRODE 

SMALL CRYSTAL OF 
ELECTRODE SEMICONDUCTOR 

Fig. IOI. Schematic symbol used 
to represent the transistor. The 
small cube of semiconductor 
crystal was called, appropriately, 
the hase. The two cat's-whisker 
electrodes were named the emit-
ter and collector, respective[)', 

with several important differences. When the triode tube was in
vented, there was no other amplifying device, and a whole new 
technology had to be developed. Design methods had to be per
fected, components had to be designed and manufactured, and 
so on. But the transistor was introduced at a time when there 
were hundreds of applications for amplifying devices-in radio 
receivers, in television sets, in phonographs, in hearing aids and 
in all types of control equipment. 

As a result, the evolution of the transistor from an experimental 
device to a full-fledged commercially manufactured component 
was compressed into just a few years. Compare this to the several 
decades required by the vacuum tube to reach widespread indus
trial use. But chronologically, the transistor is still a "baby" as 
far as other electronic components are concerned. 

Going back to 1948-49, the first transistors were hand-made 
devices with many faults and undesirable features. Only point
contact types were available, and these were assembled in crude 
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tubes, exposed to the atmosphere, as shown at I in Fig. 102. \Vhen 
it was found that moisture and chemicals in the atmosphere could 
cause changes in a transistor's electrical characteristics, manufac
turers revised their production techniques and developed hermeti
cally sealed transistors (2 in Fig. 102). This was the second major 

Fig. 102. Steps in the evolution of the 
transistor ... I-an early point-contact 
type, 2-a production point-contact type, 
and J-severnl modern junction transis-

2 

step in the transistor's evolution. Finally, with the invention of 
the junction transistor in 1951, a variety of new designs and types 
became possible, and manufacturers were able to introduce pro
duction techniques which eliminated most of the transistor's early 
faults. This last step is illustrated at 3, Fig. 102. 

Application-wise, the transistor had to fight its way against the 
vacuum tube, (its chief competitor) as a successful amplifier. 
Except for a few types of specialized military equipment, the tran
sistor's first large-scale commercial application was in compact 
hearing aids. These audio amplifiers must be small, compact and 
extremely efficient, for necessity dictates that they be battery
operated. The transistor was a natural choice and its advantages 
in this application far outweighed its extremely high price (com
pared to vacuum tubes) and the minor faults in its operating 
characteristics. In a few short years, the transistor completely dis
placed the vacuum tube in hearing aids. 

Next, the transistor was used in other types of equipment where 
light weight, small size and high efficiency were more important 
than initial cost. A few short years after, the Regency Division of 
I.D.E.A., Inc., Indianapolis, Ind., presented their now famous 
TR-1 pocket radio, the first commercially manufactured all-i:ran
sistor radio (Fig. 103). This set served as a pace setter, and com
pact receivers manufactured years later are still similar to it. 

As prices dropped and production techniques improved, the 
transistor was used in other receivers, in car radios, in TV sets 

11 



and in all types of instruments and controls. Simultaneously with 
the increasing use of transistors in commercial "consumer type" 
products, there has been a great upswing in the use of transistors 
in military equipment, in computers and in all types of industrial 
gear. 

Today, a whole class of solid-state electronic devices has been 
developed, duplicating almost all the functions of vacuum and gas
filled thermionic tubes. For example, crystal diodes are available 

Fig. 103. A transistor pocket 
radio. The cigarette package is 
included to show relative size. 
Some models are even smaller 

than the receiver shown. 

in various sizes with electrical ratings to handle such diverse jobs 
as detecting an rf signal, mixing extremely high-frequency signals 
or rectifying ac to supply substantial amounts of current to power 
other electronic circuits or electrical machinery. Tetrode (four
electrode) transistors are produced, as well as many special-purpose 
types such as subminiature low-noise units for low-signal, high
gain audio amplifiers, high-frequency types for operation up in 
the thousands of megacycles; high-speed switching types capable 
of operating in less than a millimicrosecond (a thousandth of a 
millionth of a second), and high-power units capable of handling 
electrical power in excess of 1,000 watts. (See Figs. 104 and 105.) 

Along with specialized transistors and diodes, scientists and en
gineers have invented other types of solid-state devices. Some of 
these, like the bistable diode, Unijunction transistor, Trigistor, 
thyrode and controlled rectifier, have electrical characteristics an
alogous to those of a gas-filled thermionic tube (thyratron), and 
may be used in similar circuit applications. Others are sensitive 
to light and may be used as replacements for phototubes. 

Still others have characteristics for which there is no thermionic
tube equivalent. An example is the tunnel diode, invented by a 
Japanese scientist, Esaki. This is a two-electrode device which has 
a "negative-resistance" characteristic, permitting its use as an os-
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cillator or amplifier. In contrast, there is no diode type thermionic 
tube which can serve as an amplifier. 

In many cases, engineers modify the characteristics of common 
solid-state devices to permit their use in specialized application. 
A familiar diode becomes a Zerier diode, and can be used in volt
age-regulation and control circuits. Or an ordinary photosensitive 
cell becomes a solar battery capable of converting light into elec
trical power. Sun batteries are used to power the radio transmit
ters and instruments in many of our deep-space probes and arti
ficial satellites. 

The transistor and its related solid-state cousins offer many ad
vantages over thermionic tubes in most applications. Physically, 
for example, a transistor may be from 1/l00th to 1/1,000th the 
size and weight of a vacuum tube that can do an equivalent job. 
Transistors are much more resistant to shock and vibration than 
arc tubes. Some manufacturers have demonstrated this by loading 

Fig. 104. Typical transistors. These are all low and medium power units, 
and demonstrate the variety of sizes and styles that are available. Ahout 

2,000 different types are being produced. 

their transistors into a shotgun shell and firing them into a thick 
telephone book without damage. And with no filament to burn 
out, the transistor has an almost infinite service life. 

Since transistors and related components are highly efficient, 
their power requirements, as compared to thermionic tubes, are al
most negligible. An idea of the relative efficiencies of vacuum 
tubes and transistors may be obtained by comparing the power 
requirements of, say, a tube-operated automobile receiver with 
those of a fully transistorized set having similar performance speci
fications. A typical vacuum-tube receiver may require 12 volts at 
from 5 to 10 amperes, that is, from 60 to 120 watts. A transistor 
receiver, on the other hand, may require only 0.25 to 1.0 ampere 
at the same voltage, or from 3 to 12 watts. 
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Fig. 105. An assortment of "high power" transistors. These units are gener
ally mounted on a metal plate to help dissipate internally generated heat. 
All of these are capable of handling powers in the order of several watts. 

Solid-state components offer still other advantages over tubes. 
Operating at much lower voltages and developing less internal 
heat, they do not subject other parts, such as resistors, capacitors, 
coils and transformers, to excessive operating stresses. Thus, in 
most transistorized equipment, there is less chance of voltage 
breakdown of insulation or component failure due to excessive 
temperatures as compared to corresponding tube-operated units. 

The development of solid-state devices is not yet tapering off. 
New cousins for the transistor are being discovered on an almost 
day-to-day basis. One of the latest developments is the commercial 
production of Peltier junctions. These are devices made up of 
junctions similar to those found in junction transistors which are 
heated or cooled by an electric current. Current passing one way 
through the junction causes heat to be developed; reversing the 
current results in a cooling effect. Peltier junction devices show 
great promise for use in all-electronic air conditioning and re
frigeration. 

The future is hard to predict. Changes are occurring too fast 
to follow easily but, if past developments are any criteria, the 
transistor and its related devices are but a promise of things to 
come. 

Anyone for crystal ball gazing? 
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CDAPTER2 

How to read 

eleetronie maps 

"Get your program here-you can't tell the players without a 
program." This familiar cry of the ball-game huckster easily might 
be paraphrased to apply to electronic gear: 

"Get your schematic here-you can't follow circuit operation 
without a diagram." 

The ability to read a circuit diagram is one of the essential skills 
which a worker in electronics must acquire whether his eventual 
goal is simply to pursue the field as a rewarding hobby, or whether 
he is planning a long-term career in equipment repair and main
tenance, as a factory technician, as a broadcast engineer, as a radio 
or radar operator or as a design engineer. Too often, however, 
this basic skill is bypassed-and not just by novices or beginners. 
Many experienced hobbyists and even some technicians shudder 
at the thought of following a diagram. They look at one as if it 
were an item of medieval torture. 

On the other hand, a skilled individual who has taken the time 
to become familiar with circuit diagrams and their use looks on 
the diagram as a close friend. It is a useful tool which helps him 
to understand circuit operation and to work faster and easier. 
Ask any top-notch technician a question about a piece of equip
ment and chances are he'll come back with, "Let me see the sche
matic." And a design engineer would be lost without a scrap of 
paper and a pencil with which to sketch circuits. 

·while we assume that you, the reader, are a "beginner" only in 
your work with transistors, and not a rank newcomer to the field 
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of electronics and that you have some, however slight, familiarity 
with circuit diagrams, our own experience indicates that a short 
review of reading techniques will prove helpful to all but the 
most experienced hobbyists and technicians. But if diagrams are 
already your "meat," and you prefer to wire a circuit from a 
schematic rather than a pictorial, by all means skip on to the next 
chapter-the time you save will he your own. 

Of the familiar objects found in everyday life, the auto road 
map is perhaps the closest thing to an electronic circuit diagnm as 
far as concept, layout and use are concerned. If you can read a road 
map, circuit diagrams will be a snap. The ability to refold a road 
map is not necessary, moreover! 

Let's consider a typical road map. Basically, it consists of a 
variety of wiggly lines printed on a piece of paper. Some lines are 
dashed, some solid and some in color. Spotted at irregular intervals 
along the lines are assorted dots, stars or oddly shaped symbols rep
resenting cities, towns and villages. Rivers, hays, lakes and ocean 
shore lines are shown, often with pretty pictures of small boats 
or leaping· fish. Printed at appropriate places are the names of 
cities and towns, lakes, rivers and so on, along with the names of 
prominent places such as mountains, landmarks, parks and monu
ments. Also printed on the map are the actual distances (in miles) 
between cities or towns and often between crossroads or landmarks. 
In addition, there may he bits and dabs of historical information 
-dates when famous battles were fought, data on toll bridges or 
tunnels, and so forth. 

Most road maps are to linear scale. That is, a given length of 
wiggly line representing a road is directly proportional to the 
actual length of the road it represents. If the map is drawn to a 
scale of, say, lJ4 inch equals I mile, then a road 10 miles long would 
be shown as a line 2½ inches long. But this scale is seldom ex
tended to the line width nor to objects on the map, except for 
rivers, bays and larger geographical features. A village may be 
shown as a dot, for example, when the houses of the village are 
actually spread out over the area of a mile or two. A statue or other 
landmark may be drawn to a size which-if scale were maintained 
-would make it several miles high, although the statue itself is 
only 15 or 20 feet high. 

No one pretends that a road map is an accurate picture of the 
countryside such as may be seen from an airplane, helicopter or 
man-made satellite. Depending on the firm issuing the map (usu
ally an oil company), roads may be shown as black, red or blue 
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lines. The actual roads themselves may be black asphalt, white 
concrete, gray gravel or dirty brown mud. The background may 
be white or lightly tinted yellow or green, whereas the actual 
countyside is often a crazy patchwork of odd-size plots in green, 
brown, tan, blue or, in winter, white. However, the map does show 
-and with reasonable accuracy-the location of important cities 
and towns and the length and direction of roads. 

In a sense, the map shows the scheme of the network of roads 
criss-crossing the country, with symbols used to represent various 
types of roads and different-sized cities and towns. A secondary 
road may be shown as a dashed blue line; such a road may be paved 
with common gravel. A primary hard-paved road might be shown 
as a solid blue line. A main highway may be represented by a red 
line. Finally, a divided-lane expressway may be shown as a solid 
red line bordered with fine blue lines. Cities and towns are repre
sented in a similar fashion. A small village may be a mere dot on 
the highway, a town a larger dot, while a small city may be shown 
as an open circle. State capitals might be shown as stars. 

By analogy, the most important type of electronic equipment 
diagram shows the scheme of the circuit wiring and is called, 
appropriately enough, the schematic diagram. In practice, the 
word "diagram" is often omitted, and technical writers, tech
nicians, and engineers will refer simply to an equipment's 
"schematic." 

Like the road map, the schematic doesn't attempt to show an 
actual picture of the equipment (more about this later). Rather, it 
shows the electrical connections between the components making 
up the device. The key relationship is the use of symbols for, just 
as dots, circles and stars are used as symbols for towns and cities in 
a road map, so are special symbols used in a schematic diagram to 
represent the various components. Unlike the map, however, no 
attempt is made to scale a schematic diagram. A schematic for a 
miniature receiver the size of a package of cigarettes might require 
a full printed page, while a schematic for a powerful transmitter 
measuring 6 feet high by 2 feet square may require less space, 
even when drawn with the same-size symbols. 

Schematic symbols 
The common symbols used in schematic wiring diagrams are il

lustrated in Table 2-1. Several variations of these may be found in 
practice, depending on the editorial requirements of individual 
publishers and manufacturers. As a general rule, a specific symbol 
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will be used for each generic class of components, even though the 
physical appearance and internal construction of the cmpponent 
may vary greatly from one type to another. For example, the multi
cell battery symbol is the same whether the battery represented is 
a small dime-size unit used in a hearing aid or a giant storage 
battery used to power a submarine or an electric fork-lift truck. 
Similarly, the symbol for a fixed capacitor is the same whether 
used to represent a tiny ceramic capacitor or a large transmitter 
unit. 

In many cases, the original symbol for a component was derived 
from its construction in its most elementary form. As we saw in 
Chapter l, the schematic symbol for the transistor is based on the 
representation of the base and cat's-whisker contacts of the original 
point contact transistor. By the same token, a capacitor's symbol 
(see Table 2-1) indicates, symbolically, that the capacitor is essen
tially two conducting plates separated by an insulating medium 
of some type-paper, air, oil, an electrolytic film, a sheet of ceramic 
or mica, or even a vacuum. An inductance in its simplest form is 
just a coil of wire, and the picture symbol used to represent such 
a coil looks very much like this. If we wind the coil on a piece of 
iron to increase its inductance, we indicate this fact by drawing 
straight lines alongside the basic coil symbol. And if the core 
consists of powdered iron held in a glue or plastic binder, this is 
shown by a series of dotted lines. 

Often, a component has an adjustable value. The fact that its 
value can be varied-that it is a variable component-is shown by 
drawing an arrow through or alongside the basic part or compo
nent symbol. Refer to the symbols shown for a variable inductance 
and a variable capacitor in Table 2-1. A variable resistor (rheo
stat) is sometimes indicated in this fashion but, more often, is 
shown by an arrow at right angles to the fixed resistor symbol. This 
arrow represents the movable slider or "arm" of the resistor. 

In addition to the symbols given in Table 2-l, a number of 
special symbols are used from time to time. For example, a triangle 
often represents a "floating ground," a common electrical con
nection point or piece of heavy wire that is not connected to the 
equipment's metal case or chassis. Occasionally, special symbols 
will be made up by combining the symbols for several basic com
ponents. A prime example here is the symbol for an if trans
former. This is made up by combining the symbols for two in
ductance coils and those for adjustable (trimmer) capacitors. A 
special symbol often can be recognized from its location in the 
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circuit or by a word identification included alongside it. 
A schematic diagram is much more than a collection of symbols 

connected by lines representing conductors. As in the case of a 
road map, a symbol alone is not enough to identify an object 
positively. Consider a map with no place names, no route or high
way numbers, no distances. It would be pretty confusing and, for 
practical purposes, almost useless. Thus, a schematic will include 
a variety of additional bits of information. Controls and switches 
may be identified as to function (volume control, bandswitch, tone 
control, power, treble, bass, etc.). Important frequencies or ad
justments may be specified. Battery, tube and transistor type 
numbers will be shown, and, often, major components or stages 
may be named. In the last case, common practice is to use easily 
recognized abbreviations. For example, SPKR for loudspeaker, 
RF AMPL for radio-frequency amplifier, XTAL for crystal, 
AF AMPL for audio-frequency amplifier, ANT for antenna, PWR 
for power, GND for ground, and so forth. 

Then there is the matter of the electrical components them
selves. Except for a few special cases, the symbol alone is not 
enough to completely identify the component used. A certain 
symbol may indicate that a component is a capacitor-but what 
kind? what size? what rating? and how is it referred to when dis
cussing the circuit? Let's review the basic components used in 
electronic circuits to see how they are identified and specified. 
The last item is particularly important to the hobbyist assembling 
a project or to the service technician replacing a defective part. 

Components 
It is customary to use letter symbols or abbreviations as well as 

picture symbols to identify electrical components. The more com
mon symbols are R (resistor), C (capacitor) , L (inductance coil) , 
T (transformer), V (vacuum tube), Q or V (transistor), CH 
(choke), RFC (rf choke), V or E (voltage), I (current), J (jack), 
P or PL (plug), S or SW (switch), BATT (battery), K or RY 
(relay), and PHONO (phonograph). Other variations of these 
may be encountered from time to time. For example, TR may be 
used in place of Q for a transistor, SP for a loudspeaker instead of 
SPKR, and RL for a relay. Special letter symbols will be used in 
some circuits; PC (photocell), SR (selenium rectifier), D (diode) 
and TS (terminal strip). Where special letter symbols are used, 
the picture symbol generally serves as a clue to identify the 
component. 
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A few symbols have more than one meaning, depending on how 
they are used. For example, B may stand for the base (electrode of 
a transistor), for a class of amplifier operation or for a battery. 
Similarly, Q may refer to a transistor or to a characteristic of an 
inductance coil. Again, a study of the schematic diagram or any 
descriptive text will positively identify the meaning of the letter 
symbol. 

In most cases, however, the letter and pictorial symbols alone 
are not enough to identify a specific component in a circuit. There 
may be IO or 12 (or more) resistors in a receiver circuit, all identi
fied by the same picture and letter (R) . In practice, then, a 
number or letter will be added to the basic letter symbol for 
positive identification. Thus, we may have RI, R2, R3, R4, Cl, C2, 
C3, Tl, T2, and so on, referring to individual components in a 
single circuit. If two or more components are assembled in a single 
container or with a common connection lead, an additional letter 
designation may be added. In the case of a multi-section electrolytic 
capacitor, for example, the entire capacitor may be identified as, 
say, C3, with individual sections specified as C3-a, C3-b, C3-c, etc. 
Finally, the letter symbol may omit an identifying number, sub
stituting in its place a second letter. This is done where there is 
only one component of a specific type, for example, CT as "tuning 
capacitor" or Jo as "output jack." 

Transistors and diodes are also identified by specific type num
bers. Typical transistor types are 2N35, 2Nl69, 2N384, GT-229, 
2N I 07, 2N I 70 and so on. Typical diode types could be IN 34A, 
IN69A, IN70, CK705 and SD500. As a general but far from uni
versal rule, most semiconductor devices are identified with a type 
number consisting of three parts, a number, the letter N and a 
second multi-digit number. The number preceding the N indicates 
the number of active junctions and is usually one less than the 
number of electrodes. Thus, a diode will have a "IN-" designa
tion; a triode (transistor), a "2N-" type number, and a tetrode a 
"3N-" type designation. Typical tetrode transistors are types 
3N36, 3N37. 

Other small electrical components, such as resistors, coils and 
capacitors, are identified by four major specifications-type, value, 
tolerance and rating. Of these, the component's type depends on 
its construction. As we shall see later, capacitors, resistors and 
coils may be assembled using a variety of materials or construction 
techniques. A component's value is given in terms of electrical 
units applicable to its important characteristic. The tolerance 
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rating indicates the possible vanat1on in a component's actual 
from its specified value. Finally, the rating is a general indication 
of the component's maximum capabilities, for example, the 
maximum voltage that can be applied to it or the maximum power 
it can dissipate as heat. 

Tolerance and rating specifications are the two most likely to be 
misunderstood by newcomers and beginners. Let's examine these 
before discussing individual components in detail. 

\Vhen we speak of a component's tolerance, we generally refer 
to a percentage value. Typical tolerances are I%, 2%, 5%, 10% 
and 20%. If the tolerance is given as a single value-IO%, for 
example-it means that the component's actual value may vary as 

Fig. 201. Fixed and variable resistors. Three fixed resistors 
and two views of a small volume control are shown. The 
volume control is a subminiature type with built-in knob 
a11d switch. Compare this with the "standard" sized control. 

Bookmatches are included for size comparison. 

much as 10% on either side of its nominal specified value or 
± 10%. Thus, a resistor with a nominal value of 1,500 ohms, 10% 
tolerance, can have an actual value of from 1,350 to as high as 
1,650 ohms. Occasionally, a dual tolerance value will be specified; 
an electrolytic capacitor, for example, may have a tolerance of 
- 20%, + 40%. Such a specification means that the actual value 
may be from 20% below its specified value to as high as 40% 
above this value. Let's assume such a tolerance were applied to a 
50-,uf capacitor. Its actual value would then fall between 40 and 
70 ,uf. 

From the viewpoint of the project-building hobbyist or the 
practical service technician, a component's tolerance value can be 
taken as 10%, unless specified otherwise in a parts list. In any 
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case, a component with a closer tolerance than that specified may 
be used. For example, if a parts list calls for a component with a 
20% tolerance, you can always use parts with the same electrical 
value but with 10% or 5% tolerances. 

A component's rating is almost always in terms of a maximum 
value. Thus, a capacitor with a rated working voltage of 150 volts 
de should not be used in circuits where more than 150 volts are 
applied to it. Similarly, a resistor with a wattage rating of, say, 2 
watts, can dissipate this much power under ideal conditions with
out changing value or burning out. In general, a component with 
a higher rating than that specified may be used without danger 
if there is adequate space for it. As an example, a resistor rated at 

• 
Fig. 202. Subminiature capacitors shown with "standa,·d" sized 
units. From left to right . . . a pair of 0.1 µJ ,;eramic ca
pacitors, a pair 0.05 µ] paper tubulars, and a pair of 50 µJ 

electrolytics. Rule scale indicates sizes. 

I watt may be used as a substitute for a ½-watt resistor of the 
same resistance value or a 150-volt capacitor may be substituted for 
a 100-volt unit. But it is not safe to substitute components with 
ratings lower than those specified in a diagram or parts list. 

Resistors 
Both fixed and variable resistors are used in transistor circuits 

(Fig. 201). A resistor type may be specified as composition 
(carbon) or wirewound, depending on its construction. Its value 
is given in ohms or megohms (millions of ohms) , the basic units 
of electrical resistance. Its rating is given in watts. Typical resistors 
as used in transistor circuits are ½o, ¼, ½, l and 2 watts, although 
larger units (5, 10, 25 watts) may be used occasionally in power 
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circuits. Typical tolerance values are 10% and 20%, except for 
critical circuits where I% or 5% units may be specified. 

There is a fifth specification which may be applied to variable 
resistors (volume and tone controls, etc. )-taper. This refers to 
the way the control's resistance varies as the center shaft is turned. 
If the resistance variation is directly proportional to rotation 
(10% of its resistance with 10% rotation, 20% with 20% rotation, 

and so on), the unit has a linear taper. Special tapers giving a 
different percentage variation are used for special purposes. The 
most common of these is the audio taper, used primarily in audio 
volume and tone controls. 

Capacitors 
Typical fixed and variable capacitors used in transistor circuits 

are illustrated in Figs. 202 and 203, respectively. In fixed capaci
tors, the kind of dielectric used as insulation between the metal or 
foil plates indicates type. Thus, we have ceramic, paper, electro
lytic and mica capacitors. Most variable capacitors use air as a 
dielectric, but a few subminiature types have a thin plastic film 
between plates to prevent accidental shorting with the close plate 
spacing used. 

A capacitor's value is given in microfarads (µ.f) or micromicro
farads (µ.µ.f). A micromicrofarad (or picofarad) is one-millionth 
of a microfarad, or, conversely, it takes 1,000,000 µ.µ.f to equal 1 µ.f. 
The rating of a capacitor is generally expressed as a maximum de 
working voltage. A voltage in excess of this value may arc through 
the dielectric and short the plates. As a rule, capacitor tolerances 
are not important except in extremely critical circuits. Most fixed 
capacitors, except electrolytics, have tolerances of from 10% to 
20%. Electrolytics and some high-value ceramics may have toler
ances as high as +250%. 

An electrolytic capacitor's dielectric is a thin gas film formed 
by electrochemical action on one of its plates. Because of this, the 
capacitor must be used in circuits employing de voltages and, in 
addition, must be connected properly to prevent the applied volt
age from destroying its dielectric film. Except for a few special 
types, then, electrolytic capacitors are polarized; one lead or con
nection is identified as the positive lead, the other as negative. 
When connected in a circuit, the positive lead goes to the positive 
side of the de source. 

Beginners are sometimes confused by what appears to be a 
"polarity" marking on tubular paper capacitors-one lead may 
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be identified by a ring or by the word ground. Actually, paper 
capacitors are not polarized. The identified lead connects to the 
foil plate falling on the outer perimeter of the capacitor during 
construction. Where a capacitor is used for bypass purposes, it is 
often helpful to connect the outside foil to circuit ground to obtain 
maximum shielding. 

In highly critical circuits, fixed capacitors may be used which 
have a specified temperature coefficient. This indicates the variation 
in the capacitor's actual value with changes in temperature. Such 
capacitors are used in accurate tuning circuits to compensate for 
changes in other circuit components with changes in temperature. 

Variable capacitors are used chiefly in tuned circuits. Their 
value is given in terms of minimum (with plates "open") and 
maximum (plates "closed") capacitance. Occasionally, their taper 

Fig. 203. Typical tuning capacitors. Miniature variable units used in 
transistor circuits are shown to the left, while the larger "standard" unit 
shows relative sizes. The very small capacitor uses a plastic film dielectric 

. . . the other two capacitors use air as a dielectric. 

(variation in capacity with rotation) may be specified. Often, two 
or more variable capacitors may be "ganged" together mech
anically so that rotating a single shaft changes the value of all of 
them. The capacitors may not be shown together on a schematic 
diagram, but the fact that they are "ganged" is generally indicated 
by a dashed line between them. The individual sections of a 
ganged capacitor may have similar or different characteristics, 
depending on circuit requirements. 

Rf coils and transformers 
High-frequency air-core coils may be self-supporting if wound 

of heavy wire or tubing or, if made of fine wire, supported on a 
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cardboard, plastic or glass form. If a powdered-iron or ferrite core 
is used to increase the coil's inductance, the coil may be wound 
directly on the core or on a plastic or cardboard form into which 
the core fits. The inductance value of high-frequency coils is 
generally given in millihenries (mh.) or microhenries (µ.h.). A 
millihenry is a thousandth of a henry and is equal to 1,000 µ.h. 

.AIR CORE RF. TR"'"~ 

AIR CORE R,F.G)IL 

] II[ Ill 
{I 

l1 
II 
fl 
II 
ltlf 

ttlON CORE R.f: COL 

Fig. 204. Radio a11d i11termediate freque11cy (rf a11d if) coils and tra11sformers. 
Some of these use an air core, others employ a ferrite core to obtain greater 
inductance with fewer turns of wire. An adjustable core, i11dicated schemati-

cally by an arrow, permits the coil's illductance value to be changed. 

Adjustable coils will have both minimum and maximum values 
given. Small coils such as are used in receivers seldom have a power 
rating, but transmitter coils may have maximum voltages and 
currents given as well as nominal power-handling capacity. Coil 
tolerances are given by some manufacturers, not by others. 

A choke is a coil with a relatively high inductance value at the 
frequency at which it is used. 
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In addition to type (air or iron core), value and rating, two 
additional specifications may be given-the coil's distributed 
capacitance and its Q. Distributed capacitance refers to the in
herent electrical capacity which appears to be shunting the coil; 
this factor is important in determining the resonant frequency of 
coil and capacitor tuned circuits. The frequency at which the coil 
itself acts as a tuned circuit is its natural resonant frequency; at 
frequencies above this value, the coil acts as if it were a capacitor. 

The Q of a coil is simply the ratio of its inductive reactance to 
its ac resistance at a specific frequency . Q varies with frequency. 
Anything which causes losses in a coil will reduce its Q. As a 
general rule, then, the higher a coil's Q, the better its quality and 
the more selective will he a tuned circuit in which it is used. 

If two or more coils are coupled together, the resulting combina
tion is a trans/ ormer. Radio-frequency (ri) and intermediate-

Fig. 205. Iron core audio transformers. A subminiature type, together with 
a typical subminiatw·e hearing aid transistor, is shown at the left ... it is 
about the size of a pencil's eraser. A power transistor is shown to the right 
along n•ith its corresponding output transformer; the latter unit can handle 

up to 5 watts of audio power. 

frequency (if) transformers are used extensively in receivers and 
transmitters. Transistor, rf transformers are specified in terms of 
ratio between primary and secondary windings and their resonant 
frequency with a given capacitor. Primary-to-secondary ratio may 
be given either in terms of impedances or turns ratio between 
windings. Generally, transformers are specified according to the 
frequency for which they are designed. Typical if values are 262 
and 455 ( or 465) kilocycles (kc) . 
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Rf and if coils or transformers may be assembled in small metal 
cans to provide electrostatic shielding. Typical units of the types 
used in transistor circuits are illustrated in Fig 204 alongside their 
corresponding schematic symbols. 

Audio and power chokes and transformers 
Typical iron-core transistor transformers are illustrated in Fig. 

205. Used at audio and power-line (25-60 cycles) frequencies, 
these are made up of copper-wire coils wound on a closed core of 
laminated iron. Physically, a transistor transformer may be smaller 
than a pencil's eraser or as large as the common transformers used 
for such everyday tasks as powering a doorbell or running a model 
electric train. The larger units look much like the transformers 
found in tube-operated radio and television sets and audio 
amplifiers. 

An audio transformer's electrical specifications generally include 
the impedance ratio between its primary and s<;condary windings 
(in ohms), its power rating (in watts or milliwatts), the maximum 

de which its primary winding can handle (in milliamperes) and 
the de resistance of its windings (in ohms) as well as data on any 
taps provided (such as a center tap, etc.). In some cases, the unit's 
overall frequency response will be given. 

Power transformer specifications include the operating fre
quency (generally 25 or 60 cycles, but higher in some cases), its 
primary voltage, power rating (in watts or volt-amperes), secondary 
voltages and maximum currents, and often the de resistance of its 
windings. Any taps are specified. 

An iron-core audio or filter choke is specified by indicating its 
nominal inductance value in henries, its de resistance in ohms 
and its maximum ratings in terms of applied voltage and current. 
The last value is generally in milliamperes or amperes and indi
cates the maximum direct current at which the choke will have 
its specified inductance. If less de is passed through the choke 
coil, its inductance will be higher; more current through the coil 
will reduce its inductance. 

A transformer or choke is generally specified by referring to a 
specific manufacturer's type number. 

Switches 
Switch types are identified by their method of operation, 

number of contacts (poles) and number of positions since they 
are electromechanical rather than electronic components. Switches 
have ratings in terms of the maximum voltages and currents their 
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contacts can handle safely. If the maximum ratings are exceeded, 
the contacts may either weld together or burn open. 

The basic switch types are toggle, slide, lever, pushbutton and 
rotary, plus several special types (such as lock switches). Any of 
these may be either j;ositive-action or spring-return. The former 
holds the position in which placed, while the latter returns auto
matically to its "normal" position as soon as the external actuating 

Fig. 206. Sta11dard a11d miniature multiposition rotary 
switches. Rule scale indicates size. 

force is removed. In the average household, a wall light switch is a 
typical positive-action type, while a doorbell pushbutton switch 
is of the spring-return variety. Most switches have only two or 
three possible positions; a rotary switch may have as many as 
20. Typical standard and miniature rotary switches are illustrated 
in Fig. 206. 

By far the simplest of switches is a single-contact type with two 
positions-open and dosed ( or on and off). Such a switch is called 
a single-pole single-throw (spst) switch. Other types include 
double-pole single-throw (dpst), single-pole double-throw (spelt) 
and double-pole double-throw (dpdt). The dpdt has two sets of 
contacts or poles and two positions into which it can be thrown. 
Finally, we have the multi-position rotary switches used as band
switches in short-wave sets and for similar applications. Two or 
more rotary switch wafers may be "ganged" on a single control 
shaft to form multi-pole multi-position switches. 

The beginner often runs into a problem when first dealing with 
multi-position switches-a type designation of "shorting" or "non
shorting." The difference is a simple one. In a shorting type 
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switch, each succeeding contact is made before the preceding 
contact is broken as the switch is turned from one position to the 
next. For this reason, a shorting switch is also called "make
before-break." In a nonshorting switch, on the other hand, each 
contact position is broken (or opened) before the next contact is 
made. 

A number of special switch variations are possible. Most of these 
are made by combining the functions of the basic types discussed 
above. One popular type, for example, is a rotary switch with a 
special section which shorts together all contacts but the one (s) in 
use. Again, because so many switch variations are possible, special 
switches are referred to by manufacturer's name and type numbei
rather than attempting· to describe the switch in detail. 

Batteries 

Because of their high efficiency and low power requirements, 
transistors are well suited for portable battery-operated equip
ment. A high percentage of transistor circuits call for the use of 
battery power. (Power-line-operated power supplies are used oc
casionally, of course, but generally in equipment designed for 
large, permanent installations or with unusually high power con
sumption.) All types of batteries are used for transistors, from 
small "button" cells about the size of a dime to heavy-duty storage 
batteries similar to those found in autos and trucks. Single and 
multicell (battery) schematic symbols are given in Table 2-1. 

Transistor power supply batteries are of two general classes: 
(a) "dry" batteries such as the familiar zinc-earbon units used 
in common flashlights, the more efficient akaline cell and the long
lived mercury batteries, and (b) rechargeable "storage" batteries, 
including both common lead-acid types as used in trucks and 
autos and the nickle-eadmium varieties. The majority of transistor 
circuits are designed to use either a single-cell 1.5-volt or multicell 
/to-, 6.-, 9.0- and 12.0-volt batteries. As a general rule, the supply 
voltage is not too critical and, except for a few special circuits, 
satisfactory operation may be obtained with both lower and 
higher than normal voltages, provided the battery used has low 
internal resistance. A transistor radio designed for 9-volt operation, 
for example, may still work on sources as low as 6. or as high as 
12.0 volts. But it is always best to use the supply voltage specified 
by the designer or manufacturer. 

Batteries may be specified by manufacturer and type number or 

30 



hy nominal output voltage and rated life in milliampere-hours 
(MAH or ma/hr) or ampere-hours (AH or amp/hr). The latter 
figure indicates the product of the nominal current drain the bat
tery is intended to supply multiplied by its typical life under in
termittent operating conditions. This figure varies widely with 
individual batteries and class of service, however. For example, a 
battery may be rated at 6.3 volts, 50 ma/hr. This means that the 
battery can supply a current of 5 ma for a total of 10 hours 
(5 X 10 = 50) if used for periods of, say, 2 hours at a time. If 
only 2 milliamperes are drawn, its operating life would be 25 
hours (2 X25 = 50). However, if a current of 50 ma were drawn, 
its life would be much less than 1 hour. Conversely, if under 1 ma 
were drawn, its life might be 100 hours or more. 

In addition to operating life, most batteries have a definite 
"shelf" life. This is the life of the battery if stored unused, as in 
a portable radio during the winter or simply setting on a store 
shelf. Of the common dry cells, the rather costly mercury type 
has the longest shelf life, while the zinc-carbon has the shortest 
shelf -and operating life. 

Two factors affect the physical size of a battery-its output volt
age and its operating capabilities in terms of ma/hr or amp/hr. 
Of these, the latter is the more important. A cell's output voltage 
is increased by adding additional cells, (two or more cells are a 
battery), its capacity by increasing the size of individual cells or 
by connecting cells in parallel. Thus, it is possible to have a single 
heavy-duty 1.5-volt cell that is many, many times larger than, say, 
15-, 22½- or even 30 volt batteries with limited capacity. As a 
general rule, the larger a battery (physically), the greater its ca
pacity and life, provided other factors (voltage and general type) 
are equal. · 

Battery polarity is extremely important. In some circuits re
versing a battery's connection will simply prevent operation; in 
others such a move may damage the transistors and other circuit 
components. In batteries, polarity is generally identified by the 
type of position of clips or sockets used or by markings on the 
case. In zinc-carbon, akaline and nickel-cadmium cells, the outer 
shell is the negative terminal and the central "button" electrode 
the positive terminal. In mercury and some special zinc-carbon 
cells, on the other hand, the outer shell 1s positive, the central 
terminal negative. This difference is extremely important when 
substituting mercury-type cells with zinc-carbon dry-cell units or 
vice versa. 
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Other components 
In addition to resistors, capacitors, coils, transformers and simi

lar components we have discussed, a number of other items are 
used in transistor circuits. The schematic symbols for many of 
these are given in Table 2-1. Some are strictly "mechanical" com
ponents, such as sockets, clips, jacks, plugs, and connectors. Others 
are electromechanical-microphones, loudspeakers, earphones, re
lays, phonograph cartridges, crystals, meters and so on. A general 
knowledge of these items is helpful in reading circuit diagrams, 
in selecting replacements when servicing and in assembling hobby 
projects. Many of these components are illustrated in Fig. 207. 

SUB~MINIATURE 
JACK&PI.UG $ 
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TRANSISTOR 
CLIP • "~. ••"I MOUNTM 0 

\H.i CUPS 
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STANDARD 

OCTAL SOCKET 

MAGNETIC 
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Fig. 207. Common transistor hardware. A small tran
sistor, standard 'phone plug, and familiar octal tube 

socket are included for size comparison. 

Microphones, phonograph cartridges, loudspeakers and ear
phones (or headphones) are basically similar devices. All are 
transducers-devices for changing one form of energy to another. 
Microphones and phonograph cartridges are used to change me
chanical energy into electrical signals while speakers and ear
phones do just the opposite, converting electrical signals into 
sound vibrations by moving a small diaphragm. But the roles are 
interchangeable to some extent. A speaker may be used as a micro
phone under some conditions and, conversely, some types of mi
crophones can serve as miniature speakers. 

Three basic types of microphones find use in transistor circuits: 
(a) carbon, (b) crystal and (c) magnetic usually called dynamic, 
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ribbon or controlled reluctance type. Of these, the carbon micro
phone has the highest output but requires an external source of 
power and is somewhat noisy, developing a slight internal "hiss." 
A crystal microphone uses a piezoelectric element and has an ex
tremely high output impedance. In most cases a step-down 
matching transformer is needed when a crystal microphone is 
used in a transistor circuit. Dynamic microphones have a fairly 
low output but deliver good quality and are available in output 
impedances ranging from low to high. Of the three types of mi
crophones, dynamic units offer the best match to transistor am
plifiers. Microphones are generally specified by manufacturer and 
type number, although the basic type (carbon, crystal, etc.) may 
be given as well as output impedance. 

Phonograph cartridges are basically similar to microphones in 
that they convert mechanical vibrations into electrical signals. 
Three types are in wide use: (a) crystal, (b) ceramic and (c) sev
eral forms that use magnets. The crystal and ceramic types are 
basically similar. Both use piezoelectric elements and, as a general 
rule, have high output levels and high output impedances. Car
tridges using magnets have low to moderate output impedances 
and generally deliver fairly low output signal levels. Like micro
phones, these units are specified by manufacturer's name and type 
number-and may be called dynamic, variable or controlled reluc
tance types. 

Most of the speakers used in transistor circuits are permanent 
magnet (PM) dynamic types. Basic specifications are size, given 
in terms of cone diameter, and voice-coil impedance, given in 
ohms. Typically, transistor loudspeakers run from 1 ½ to 12 inches 
in diameter, depending on application, with voice-coil impedances 
ranging from 3 to 45 ohms. The most popular impedances are 
3-4 and 6-8 ohms, although 10-ohm subminiature speakers are 
used rather extensively in pocket radios. 

Three basic types of earphones (often called either headphones 
or headsets) are used in transistor work: magnetic, dynamic and 
crystal. The first uses a magnet and an electromagnetic element 
to drive its reproducing diaphragm. The dynamic type has a mov
ing coil to drive the diaphragm. These types have impedances 
ranging from 6 to as high as 50,000 ohms. Crystal earphones have 
a piezoelectric element and very high overall impedances (50,000 
ohms or more). Common practice is to speak of earphones in 
terms of its overall impedance; a high impedance phone is con
sidered the more sensitive. Physically, earphones range from tiny 
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button units such as are used with hearing aids to fairly large 
assemblies which may be equipped with rubber ear covers that 
make them appear even larger. 

Meters used in transistor instruments-as voltmeters, frequency 
meters and so on are specified in terms of overall size ( diameter 
of face), sensitivity (in microamperes, milliamperes or amperes 
for full-scale deflection), and, often, de resistance. Typically, a 
circuit may call for a 3-inch, 0-1 ma meter. 

The relay is basically an electromagnetically operated switch. 
Like a switch, one of its important specifications is its number of 
poles and operating positions. Thus, we have spst, spdt, dpst and 
dpdt relays as well as rotary, contact and stepping units. In addi
tion to contact arrangement, a relay's specification will include 
coil type (ac or de), resistance (in ohms) and, often, sensitivity 
(in milliwatts or watts). In lieu of power sensitivity, the coil oper
ating voltage, current or both may be given. 

Of the remaining components, frequency-determining quartz 
crystals are generally specified by manufacturer's name, type num
ber and actual frequency, while plugs, jacks and connectors are 
specified in general terms. If the component is an electrical part 
of the functioning circuit (a switch, plug, jack, and so on), it is 
generally shown on the schematic diagram with an appropriate 
symbol and identified in the parts list. A "nonfunctioning" part 
of the circuit (a tie-point terminal strip, socket or clip, for ex
ample), may be listed in the parts list, but as a rule, is not shown 
on the schematic diagram. 

Color codes 

Many resistors, capacitors, diodes and other components are so 
small physically that it is virtually impossible to mark or print 
their electrical value on them. Such parts are often identified by 
means of a color code, basically a series of colors to which number 
values have been assigned. These colors are spotted on the com
ponents as bands or dots in a specific order which indicates its 
electrical value. In addition, a special color code is often used to 
identify the terminals or leads of transformers. 

Semiconductor lead connections 

As mentioned earlier, diodes, transistors and related semicon
ductor devices are identified and specified by type number. When 
working with practical circuits, however, it is just as important 
to know the electrode lead connections as it is to know the type 
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of component used. Unlike vacuum tubes, semiconductor lead 
or pin connections are not assigned numbers. Rather, their leads 
are arranged in a predetermined pattern with, occasionally, one 
lead identified by a color mark, dot or symbol. A knowledge of the 
various lead arrangements used is essential to anyone tracing 
through an electronic circuit or assembling a project from a wiring 
diagram. 

Among the various semiconductor devices in common use, di
odes are the easiest to work with as far as identifying leads is con-
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Fig. 208. Side view outlines and basing diagrams for typical low power 
transistors. This sketch is not to scale. 

cerned. In the first place, there are only two leads-anode and 
cathode. Second, almost all manufacturers identify the cathode 
lead by a band, dot or other symbol. But transistors, with three 
or more leads, pose special problems, complicated by the fact that 
there is no convenient way of numbering the leads in the manner 
that tube socket pins are numbered. 

Lead arrangements for most low-power transistors are illus
trated in Fig. 208. Emitter (E) , base (B) and collector (C) leads 
(or pins) are identified. A triangular pattern is used in cases (a), 
(b) and (c) while an "in-line" lead arrangement is used for (d) 
and (e). Where the leads are arranged in a symmetrical pattern 
or with equal spacing, as (c) and (d), a colored dot or line is used 
to identify the collector (C) electrode, with the other electrodes 
identified from here. As a general rule, the base (B) lead is be
tween the emitter (E) and collector (C) leads. Note that it is the 
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jJattern or arrangement which serves to identify the leads, not 
actual dimensions, for these transistors are manufactured in a 
variety of physical sizes. 

Power-transistor lead connections are identified in Fig. 209 
With but few exceptions, the collector electrode is always con
nected internally to the metal shell or case of a power transistor, 
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Fig. 211. Schematic wiring diagram of a single
stage headphone amplifier. 

with the actual external electrical connection made by a mechani
cal contact (mounting screw, for example). 

The lead arrangements used with other popular semiconductor 
devices are shown in Fig. 210. Junction tetrode connections are 
shown at (a) and (b), a triode having an internal shield at (c) 

Fig. 212. Exterior view of the headf>hone amplifier. 

and a Unijunction at (d). Note the wider spacing between the 
collector and nearby leads where an "in-line" arrangement is em
ployed, as (a) and (c). Care must be taken not to confuse a triode 
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with an internal shield with tetrode transistors, for similar lead 
arrangements are used in both cases. Use the component's type 
number as a guide: 2N-- numbers refer to triodes, 3N-- num
bers to tetrodes. 

Circuit diagrams 
Three basic types of diagrams are used in electronics: (a) the 

schematic, (b) the pictorial and (c) the block diagram. Of these, 
the schematic is the most important and, as we discussed earlier, 
is made up of symbols connected with lines representing circuit 

Fig. 213. Interior of the headphone amplifier, with major 
components identified. 

Bl 

wiring to show the scheme of the circuit. An experienced tech
nician, advanced hobbyist or an engineer can tell more from the 
schematic diagram than from either of the other two, or from the 
other two types put together, for that matter. Not only that, he 
can actually wire a circuit from the schematic alone, and often 
prefers to work with it. 

The pictorial diagram, as the name implies, is an actual "pic
ture" of the equipment. Such a diagram gives a physical picture 
of the equipment, but is difficult to interpret in terms of circuit 
performance. While handy for wiring a circuit or for locating a 
specific part in a piece of equipment, it is of little value otherwise. 
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Finally, the block diagram is a simplified form of schematic. It 
shows a more general scheme of the unit. Here entire operational 
stages are replaced by blocklike symbols, with component details 
omitted. Block diagrams are also used to show the general inter
connections between subassemblies in complex equipment. 

You can obtain a better understanding of the relationship be
tween schematic and pictorial diagrams by making a point-to-point 
comparison between these two types of diagrams for a single piece 

Ci 
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Fig. 214. Pictorial wiring diagram of the headphone ampli-
fier. Compare this with the schematic given in Fig. 211 and 
the actual photograph of a wired model given in Fig. 213. 

of electron equipment. The schematic diagram for a single-tran
sistor headphone amplifier is given in Fig. 211. An exterior view 
of the unit is shown in Fig. 212 while an interior view, with major 
components identified, is shown in Fig. 213. For comparison pur
poses, a pictorial diagram is given in Fig. 214. 

This useful piece of equipment is easily duplicated in the home 
workshop. Serving to increase the overall sensitivity and effective 
input impedance of a pair of low-cost magnetic headphones, the 
instrument may be used with receivers, amplifiers, signal tracers 
and similar devices requiring headphones. All the parts are stand
ard and readily available through both local and mail-order supply 
houses. 

Referring to the schematic, Tl is an Argonne type AR-104 
transformer, Cl a 6-µ.f I 5-volt electrolytic capacitor, RI a 
470,000-ohm ½-watt resistor, SWI a spst slide switch, VI a 
p-n-p transistor (more about this later) and Bl a Burgess type 
YlO 15-volt battery. JI and J2 are standard phone tip jacks. The 
unit is assembled in a miniature aluminum box measuring 2¾ x 
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2¼ x l¼ inches overall. A small clip is provided for the battery. 
Type CK722, 2N222 or GT-222 transistors may be used. 

In use, the phone tips attached to the end of the flexible cord 
are plugged into the equipment headphone jacks (with which the 
headphone amplifier is used). Standard 1,000- or 2,000-ohm mag
netic headphones are connected to J 1 and J2. With SWl closed, 

Fig. 216. Interior photograph of four-transistor receiver with leather case 
removed. Visible major components are identified. 

the transistor amplifies audio input signals, driving the magnetic 
headphones to greater output volume. At the same time, Tl acts 
to increase the circuit's effective input impedance to approxi
mately 20,000 ohms, or 10 to 20 times that of the magnetic head
phones used alone. 

Compare the location and wiring of the various components as 
shown in the schematic (Fig. 211), in the photograph of the wired 
equipment (Fig. 213) and in the pictorial diagram (Fig. 214). 
Note particularly the connections to the transformer, switch and 
battery. Note, too, that the transformer leads are color-coded, as 
identified in the schematic. As a check, try drawing your own 
schematic diagram from the pictorial and without referring to 
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Fig. 211. Don't worry if you don't know how the circuit works, 
we'll discuss transistor operation in later chapters. 

The headphone amplifier is a relatively simple device, but the 
technique used to "read" the schematic diagram in terms of equip
ment wiring is the same whether 1 or 30 transistors are used. 

L2 Rl6 Rl,5W RII CS RI? Ri5 Cl4 

Fig. 217. "Below chassis" (back) view of the four-transistor receiver. Smaller 
electrical components are found here. 

As a further example, the receiver schematic in Fig. 215 can be 
compared with the front and back interior views of the receiver 
in Figs. 216 and 217 respectively. Major component parts are iden
tified in the photographs. 

The schematic is of a portable receiver using four p-n-p tran
sistors in a superhetrodyne circuit. It tunes the AM broadcast 
band from 500 to 1600 kc. Power is supplied by a single 9-volt 
battery. The if is 455 kc. 

Having compared pictorial and schematic diagrams, let's see 
the relationship between a block diagram and a schematic. The 
block diagram for the receiver is given in Fig. 218. Note that each 
operating stage is shown by a simple block. Single lines connect 
the blocks, with arrows showing the direction in which signals 
are transferred from one stage to another. Thus, six blocks serve 
to illustrate the overall circuit of a receiver using I 7 resistors, 15 
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Fig. 218. Block diagram of the four-transistor receiver. 

SPKR 

capacitors, 2 audio transformers, 4 rf and if coils or transformers, 
4 transistors, a diode, a PM loudspeaker, an spst switch and a 
power supply battery. 

Once you've fixed the basic idea of a block diagram in your 
mind, practice using this type of presentation by drawing your 
own block diagrams of receiver and amplifier circuits given in 
popular radio and electronic magazines. As you acquire skill 
through practice, you'll soon find it easy to draw a schematic from 
a pictorial or even from an actual piece of equipment and to 
prepare block diagrams from schematics. You'll find such prac
tice a lot of fun. More important, you'll increase your knowledge 
of electronics and sharpen your technical know-how. 
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(;DAPTER 3 

Transistors ... 
and how they work 

Not too many years ago, yours truly asked a learned and some
what stuffy college professor how a certain device worked. The 
prof was a smart man-he had a string of degrees and a stack of 
honors to prove it. And he was most cooperative. 

"Why, it's very simple," he said, turning to the blackboard. He 
wrote a mathematical expression that nearly filled the board, men
tioning in passing, "This is obvious." 

"From this," he continued, "we can conclude the following." 
Erasing the first expression, he wrote another that completely filled 
the board with a little crowding around the edges. 

Eight blackboards and 2 hours later, the good old prof sum
marized his final expression with "and that explains how the de
vice works." 

"But, prof," protested one of the other class members, "isn't 
there a simpler way of striking a match." 

The operation of a transistor, like that of a match, can be 
explained with several pages of mathematical expressions and 
derivations. But there is a simpler way ... 

Transistors and related electronic devices depend for their op
eration on the electrical properties of a class of substances called 
semiconductors. This isn't a new word-we used it in earlier chap
ters, but we didn't define it at that time. Of course, it may be that 
you've guessed its meaning by now, or perhaps you are still won
dering about it. Let's pause for a closer look. 
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Take the last part of the expression-conductor. Just about 
everyone knows the definition of an electrical conductor: a mate
rial which offers little resistance to the flow of electric current. 
The free movement of electrons, if you please. Copper, silver, 
gold and most other metals are pretty good conductors. 

Materials which oppose current flow are termed insulators. 
Glass, many ceramics, rubber, most plastics, dry wood and similar 
materials are considered good insulators. 

Unfortunately, this simple "black-and-white" classification of 
conductors and insulators is not strictly true. A material consid
ered a good insulator will conduct if enough electrical pressure 
(voltage) is applied to it, just as a solid block of wood will allow 
water to seep through if enough water pressure is used. The chief 
difference between conductors and insulators lies in the ease with 
which one will permit current flow as compared to the other. 

In a conductor, the electrons making up the outer shells of in
dividual atoms may be detached quite easily by the application of 
electrical pressure or magnetic forces. These "free" electrons mov
ing through the material constitute a flow of electric current. In 
an insulator, on the other hand, the electrons are bound tightly 
to their atomic orbits and can be dislodged only with the applica
tion of relatively strong forces. 

Semi, the first part of our expression, means "half." A semicon
ductor, then, is a material "half like" a conductor, or, by the same 
token, "half like" an insulator. In general, they are crystalline 
materials with electrical properties intermediate between those 
of a good conductor, such as silver, and a good insulator, such as 
porcelain. For the most part, the semiconductors are elements in 
Column IV of the periodic table of chemical elements, including 
carbon, silicon, germanium, tin and lead. In addition to these, a 
number of compounds have electrical properties similar to those 
displayed by the semiconductor elements. Some of these are vari
ous sulphides, oxides and other compounds of cadmium, selenium 
and copper. Others are mineral-like substances such as carbo
rundum. 

In a semiconductor, the internal electrical forces bonding elec
trons to their atoms (valence bonds) may be affected easily by ex
ternal physical forces, such as light, heat or moderate electrical 
voltages. Thus, a semiconductor may act somewhat like an insu
lator (or a poor conductor, which is essentially the same thing) 
or, with the application of suitable external forces, the same ma
terial may act as a fairly good conductor. 
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Holes and eledrons 
As we have seen, electric current flow is basically a movement 

of electrical charges through a material and, in a conductor, con
sists of a movement of negatively charged free electrons. In semi
conductors, on the other hand, the current flow may include both 
negative and positive charges. The negative charges are electrons, 
just as in a conductor, while the positive charges are electrical 
"holes" in the material's atomic-molecular structure. 

To understand what we mean by a "hole," consider a fairly 
stable and electrically neutral molecule. Suppose, now, that we are 
able to remove an electron from it. The molecule will acquire an 
electrical charge equal in magnitude to the charge of the missing 
electron, but with opposite polarity. Since the electron has a nega
tive charge, the molecule will acquire a positive charge. The posi
tion which the missing electron formerly occupied in the molecular 
structure has become an electrical "hole" which can, under the 
proper circumstances, be "filled" by another electron. 

Our slightly altered molecule will readily accept an electron 
and will become electrically neutral once again. If this electron 
is obtained from a similar molecule nearby, the second molecule 
is left with a hole and a net positive charge. The second molecule, 
in turn, might "rob" still a third molecule to replace its missing 
electron. In this way, the hole can readily migrate through the 
material, effectively jumping from molecule to molecule and be
having as if it were an actual particle with the mass and size of 
an electron, but with a positive charge. When discussing semi
conductor action, it is often convenient to treat holes as if they, 
like electrons, were actual subatomic particles. 

Holes, having a positive charge, move through a semiconductor 
in a general path opposite to that taken by electrons, but at about 
half the speed of negative particles. A movement or drift of either 
electrons or holes (or both) through a semiconductor constitutes 
a flow of electric current. As far as external circuits are concerned, 
it is impossible to differentiate between electron current and hole 
current. Since both electrons and holes "carry" an electric current, 
they are called, appropriately enough, carriers. 

In a given semiconductor material, either of three conditions 
may exist: (1) there may be equal numbers of holes and free elec
trons, (2) there may be more holes than electrons and (3) there 
may be more electrons than holes. If there are equal numbers of 
both holes and electrons, we have a "pure" or intrinsic semicon-
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ductor. If the positive holes predominate, we have a pos1t1ve or 
jJ-type semiconductor. Finally, if there are more electrons than 
holes, we have a negative or n-type semiconductor. 

Since holes are the predominant current carriers in p-type mate
rials, any electrons present are termed minority carriers. In a simi
lar fashion, holes are minority carriers in n-type semiconductors. 

A pure (intrinsic) semiconductor (Column IV of the periodic 
table) such as germanium may be given p-type properties by alloy
ing it with a small amount of an "impurity" element from the 
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Fig. 301 a, b. Electron and hole conduction in a simple p-n junc
tion. Holes are represented by plus signs (+), electrons b)• minus 
signs (-). In the junctions shown at (a), (b) the two semicon-

ductors are doped equally. 

Column III, such as indium, boron, aluminum or gallium. The 
germanium is said to be doped by the impurity. Because the net 
effect is to increase the number of holes present in the semicon
ductor and hence the material's ability to "accept" free electrons, 
the impurity element is termed an acceptor. 

Conversely, if an intrinsic semiconductor such as germanium is 
doped with an element from Column V of the periodic table, such 
as phosphorus, arsenic, or antimony, the resulting alloy has n-type 
characteristics. In this case, since the impurity element contributes 
or "donates" free electrons to the material, it is called a donor. 

The diode junction 
Before tackling the operation of the transistor as a solid-state 

amplifying device, let's examine the operation of its somewhat less 
complex "cousin," the semiconductor diode. Referring to Fig. 
301-a, consider a series circuit made up of a de power source (a 
battery, for example), a spst switch and a single junction of p-type 
and n-type semiconductor materials. The negative terminal of 
the power source is connected through the switch to the p-type 
material, with the positive terminal connected to n-type semicon
ductor. The p-type material, while it has a few free electrons, has 
an overwhelming preponderance of positive holes, represented in 
the diagram by "plus" signs. The n-type material, on the other 
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hand, has a preponderance of negatively charged free electrons, 
represented by "minus" signs, plus a few holes. 

With the switch closed (Fig. 301-b), the electrical pressure 
(voltage) applied by the battery causes the positive charges to 
migrate toward the negative terminal. Remember that unlike 
charges attract. At the same time, the negative electrons rush to
ward the battery's positive terminal, leaving the central junction 
virtually depleted of current carriers. Except for the relatively 
few electrons present in the p-type material and the few holes in 
the n-type semiconductor, there can be no exchange of current 
carriers at the junction and hence little or no flow of current 
through it. Since little or no current flows through the circuit, 
the p-n junction acts as a high resistance, virtually an open circuit. 

Suppose, now, that the battery polarity is reversed (Fig. 301-c), 
with the negative terminal connected to the n-type material and 
the positive to the p-type. Here, the current carriers move toward 
the junction and are neutralized. In effect, the positive holes, 
moving away from the positive side of the battery (like charges 
repel), migrate to and across the junction into the n-type material, 
where they are filled by the abundance of free electrons. Similarly, 
many of the free electrons in the n-type semiconductor migrate 
toward the junction and away fr.om the negative terminal. Here, 
they cross the junction into the p-type material, filling and neu
tralizing the positive holes. As the action continues, new holes are 
formed constantly in the p-type material and new electrons are 
released in the n-type semiconductor by the electrical pressure 
applied by the battery. 

This constant exchange of holes and electrons at the junction, 
plus the formation of new current carriers and their continual 
movement toward the junction, constitutes a flow of electric cur
rent which is maintained by the battery. A sizable current can 
result, and the p-n junction now behaves as a low resistance. 

From this we see that the two-electrode (diode) p-n junction is 
a unilateral device. It permits an appreciable current flow in one 
direction and little or no current flow in the opposite direction. 
When the battery voltage is applied to make the junction act like 
a low resistance, the diode is said to be biased in its forward or 
conducting direction. If the voltage is applied so that the junction 
acts like a high resistance, the diode is said to be biased in its 
inverse or nonconducting direction. The resistances (and currents) 
obtained under these conditions are called the forward resistance 
(current) and back or inverse resistance (current), respectively. 

If the semiconductors making up the junction are doped so that 
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the p-type material has just about as many holes as the n-type ma
terial has free electrons, the electric current at the junction will be 
made up of holes and electrons in equal quantities. Just as many 
holes will be carried over into the n-type material as electrons are 
transferred into the p-type semiconductor. 

On the other hand, if one semiconductor is doped more heavily 
than the other, one or the other current carriers (holes or elec
trons) may dominate the junction current, and there may be a 
greater carryover in one direction than the other. As an example, 
if the p-type material is doped more heavily than the n-type, more 
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Fig. 301 c, d. In (c) the two semiconductors are doped equally. In 
(d), the p-type semiconductor is doped more heavily than the n•type 

and hence has more holes than the n-type has free electrons. 

holes will carry past the junction into the n-type semiconductor 
than electrons are carried into the p-type, and holes will dominate 
the junction current. This condition is illustrated in Fig. 301-d. 

Although the current within the semiconductor diode is made 
made up of both holes and electrons, the current in the external 
circuit (battery and leads) consists of electrons only. It is impos
sible to determine by examination of the external circuit whether 
holes or electrons predominate within the diode. As far as the 
external circuit is concerned, electrons leave the negative battery 
terminal and move through the connecting wire to the n-type 
semiconductor. At the same time, other electrons move from the 
p-type material (as holes are formed within the semiconductor) 
and back to the positive battery terminal. Diode current may be 
determined by using Ohm's law and dividing the battery voltage 
(in volts) by the diode's resistance (in ohms). 

Conversely, a diode's resistance may be determined by measur
ing circuit current (using a suitable series ammeter or milliam
meter) and dividing this into battery voltage. Either back or for
ward resistance may be calculated in this way simply by reversing 
battery polarity and obtaining a new current reading. Both re
sistance values, of course, are measured in ohms. 

A diode's actual resistance in a practical circuit will depend, 
not only upon the electrical characteristics of the individual diode, 
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but upon the applied voltage, upon ambient temperatures and 
so on. If too much voltage is applied in the nonconducting direc
tion, the junction may break down, with its resistance dropping 
to a low value. The voltage at which this breakdown occurs is 
called the diode's Zener voltage. A number of special-purpose 
diodes are designed for operation within their breakdown region 
and are called Zener diodes. 

Basic transistor action 
A triode transistor is made of alternate regions of p- and n-type 

semiconductors. In one respect, a p-n-p transistor might be con
sidered as p-n and n-p diodes joined in one assembly in such a 
way that there is a single, relatively thin, n-type layer. Thus, the 
triode transistor is a two-junction device as contrasted to the 
diode, which has a single junction. Depending on how the transis
tor is used, each junction may be biased in either its forward (low
resistance) or reverse (high-resistance) direction. In operation, 
transistor action depends on the control of current through both 
junctions by varying the current through one. 

A typical circuit arrangement is illustrated in Fig. 302-a. As 
in the diode, holes are represented by "plus" signs, electrons by 
"minus" signs. Battery B2 is used to apply a fixed bias voltage 
between the outer p-type electrodes and hence across both junc
tions. Battery Bl is connected to apply a bias between the central 
n-type electrode and the lower p-type electrode when the spst 
switch (S\V) is closed. A current-limiting resistor (R) is connected 
in series with Bl and SW to keep circuit current within a safe 
value when the switch is closed. 

With the switch (SvV) open, the positive carriers in the upper 
and lower electrodes tend to migrate away from B2's positive and 
toward its negative terminal. Thus, the holes in the upper elec
trode will move away from the top junction and toward the nega
tive battery terminal, leaving the junction area more or less de
pleted of charges. At the same time, the holes in the lower 
electrode will move away from B2's positive terminal and toward 
the lower junction. Since no external voltage is applied directly 
to the central electrode (S\V open), the negative electrons in this 
region will remain more or less evenly distributed, although a 
few may move toward the lower junction. 

Under these conditions, the upper junction has a high resist
ance. There are relatively few carriers near it to effect the inter
change and carryover necessary to conduction. The lower junction 

50 



has somewhat lower resistance, what with a fair accumulation of 
holes on the p-side and a few electrons available on the n-side. 
However, with no voltage applied to the central electrode, there 
is no pressure for additional electrons to accumulate near the 
lower junction and its resistance is much higher than that of a 
"conducting" junction. Since the upper junction has a high and 
the lower a moderate resistance, little or no current can flow be
tween the two p-type electrodes. 

Now, if a bias voltage is applied to the central electrode by 
closing switch SW (Fig. 302-b), the situation changes radically. 
The electrons in this region immediately start moving toward the 
lower junction and it becomes biased in its forward (low-resist
ance) direction. Conduction takes place and electrons move from 
the n-type material into the lower p-type electrode. At the same 
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Fig. 302. How a p-11-p transistor can be used as a current amplifier. As in 
Fig. 301, holes are represented by plus signs, electrons by minus signs. Draw
ing (a) shows transistor operation without base bias, (b) with base bias 

current. 

time, of course, holes move from the lower p-type electrode into 
the n-type region. Some of these holes are not neutralized im
mediately and move across the thin n-type area to the upper junc
tion and into the upper p-type material. Since there are now suit
able carriers available on the n-side of the upper junction, its 
resistance drops from a high to a moderate value. 

With bias applied to the central region, then, the overall re
sistance between the two outer p-type electrodes drops from a very 
high to a moderate or relatively low value made up of the moder
ate-resistance upper junction in series with the low-resistance 
lower junction. With this drop in effective resistance, the circuit 
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current supplied by B2 increases by a substantial amount. 
Since the lower p-type electrode injects or "emits" holes into the 

n-type region, it is called the emitter. Similarly, since the upper 
p-type electrode receives or "collects" charges from the central 
region, it is called the collector. The central electrode is called the 
base, not only because its central location makes it "basic" to tran
sistor action, but because it is the electrode corresponding to the 
small cube or "base" of semiconductor material used in the origi
nal point-contact transistor (see Chapter 1 ). 

·with no series resistor (R) to limit current in the emitter-eol
lector circuit and with, in this case, a higher voltage applied be
tween emitter and collector electrodes, the collector current is 
much greater than base current. In addition, a relatively small 
change in base current will cause a corresponding but much larger, 
change in collector current. This, then, is a basic condition for 
amplification. By varying a relatively small current through one 
junction (base-emitter), we control a larger total current through 
both transistor junctions (upper collector-base and lower base
emitter junctions). 

To utilize the control of one current by another in a practical 
amplifier, we need simply apply our input "control" signal to the 
base-emitter electrodes and to insert a useful "load" or output 
device of some sort in series with the collector lead. A typical load 
might be a pair of earphones, a resistor, a relay or the primary 
winding of a transformer. 

At this point, we can examine the impedance relationships in 
the transistor's "input" (base-emitter) and "output" (collector
emitter) circuits quite easily. The input impedance depends pri
marily upon the resistance of the base-emitter junction. Since 
this is biased in its forward (conducting) direction, its impedance 
is fairly low. The output impedance depends on the combined im
pedances of the collector-base and base-emitter junctions. As we 
have seen, the collector-base junction is not biased heavily in its 
forward direction and, therefore, has a moderate resistance. This, 
coupled with the low base-emitter junction resistance, gives a mod
erately high output impedance. 

In summary, we find that the basic transistor amplifier stage 
shown in Fig. 302 has a moderately low input and a fairly high 
output impedance. This difference between input and output im
pedances, in itself, could supply power gain (amplification), even 
if the input and output currents were on the same order of mag
nitude. After all, an input current of, say, 100 p.a into a 1,000-ohm 
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impedance represents less power than a similar output current 
through a 50,000-ohm load. 

Transistor characteristics 
To identify any item positively, whether it is an electrical de

vice such as a vacuum tube, relay or transformer or a piece of 
hardware such as a machine screw, nail, rivet or hinge, we must 
describe it in general terms common to all similar items. For ex
ample, to identify a machine screw, we must specify (a) material 
of construction, (b) finish, (c) diameter or physical size, (d) length, 
(e) type of thread, (f) number of threads per inch, (g) type of 
head and so on. While the general characteristics may be common 
to all items in a class, individual units may differ considerably 
according to the exact values assigned to each specification. Thus, 
a 6-32 ½-inch brass screw with a flat head is not interchangeable 
with a 10-24 ¼-inch cadmium-plated steel screw with a round 
head and Phillips slot. But both are machine screws and both are 
similar in that the same terms are used to describe them and both 
serve as fasteners. 

As we have seen, several kinds of information must be specified 
when dealing with electronic components. These include the type 
of device (transistor, tube, relay, etc.), physical size and shape, 
electrode or terminal connections, maximum operating condi
tions and basic electrical characteristics. All of this information, 
taken together, constitutes the component's specifications. 

Regardless of individual characteristics, all transistors are multi
electrode semiconductor devices in which the current (voltage) 
through one pair of terminals can control the current through 
another pair. We can classify a transistor in greater detail by in
dicating its number of electrodes, the semiconductor material 
used in its manufacture (germanium, silicon, etc.), its type of 
construction (point-contact, junction-more about this in a later 
chapter) and the internal arrangement of its semiconductor layers 
(for example, p-n-p). This much information is adequate for iden
tifying the type of device and providing a general area of classifi
cation, but to identify a specific unit accurately, we need detailed 
data. 

Characteristic curves 
Since an individual transistor's electrode currents and other elec

trical properties are not fixed constants but variable which depend 
upon the transistor's inherent qualities as well as upon applied 
voltages and exact operating conditions, we cannot describe its 
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electrical properties fully by using a single set of fixed values as 
we might for a resistor or capacitor, for example. Instead, we must 
use a graphical description which consists of a set or "family" of 
curves. Each curve in the family shows the variation of a de
pendent variable when plotted against an independent variable, 
with all other electrical quantities held constant. 

A set of transistor characteristic curves is analogous to the fami
lies of curves used to specify the characteristics of vacuum tubes. 
It is used in much the same way by practical engineers to design 
circuits and to predetermine the operating performance of a par
ticular transistor under a given set of operating conditions. 

Transistor characteristic curves may be prepared with the tran
sistor connected in any of several ways and with any of a number 
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Fig. 303. Basic circuits used to determine a transistor's d c character
istics. The base serves as a co111111on electrode at (a), e111itte1· at (b.) 

of circuit currents held fixed as the "constant" quantity. For ex
ample, using the circuit arrangement shown in Fig. 303-a, we 
could measure collector voltage (B2), collector current (indicated 
by M2), emitter voltage (Bl) and emitter current (indicated by 
Ml and controlled by Rb). 

Suppose we used this circuit and held the collector current 
constant, measuring the emitter current for various emitter volt
ages. This would give us a set of values which could be plotted 
on a graph. Then we could choose a new value of collector current, 
holding it constant while preparing another set of values showing 
emitter current for various emitter voltages. After repeating these 
measurements a number of times, we could plot our results on a 
piece of graph paper and we thus have a set (family) of curves 
showing emitter voltage vs emitter current for various values of 
constant collector current. These would be the transistor's inJmt 
characteristics for the particular circuit used. 
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In a similar fashion, we could prepare families of curves showing 
collector voltage vs collector current for a constant emitter current 
(output characteristics), emitter current vs collector voltage for a 
fixed collector current (forward characteristics) or collector cur
rent vs emitter voltage for a constant emitter current (feedback 
characteristics) . 

But all of these families of curves would show the transistor's 
operating characteristics only when used in the circuit arrange
ment given in Fig. 303-a. Similar curves could be prepared by 
using the circuit shown in Fig. 303-b. Here, for example, collector 
current could be plotted against different values of collector volt
age for a fixed value of base current. Additional curves would be 
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Fig. 304. A family of curves showing the d c operating character
istics of a typical p-n-p transistor. A graph such as this one may 

be prepared by using a circuit like that shown in Fig. 303. (b). 

plotted on the same graph for other values of base current to 
make up the entire family. Such a family of curves are the collector 
or output characteristics for the transistor in the second circuit 
arrangement. A typical family of collector characteristic curves for 
a p-n-p surface-barrier transistor are shown in Fig. 304. 

Maximum ratings 
Like any other electrical component, the transistor may be seri

ously damaged if excessive voltage is applied to its electrodes or 
if too much current is drawn through it. An excessive voltage 
applied to the emitter and collector electrodes, for example, may 
"punch through" the thin base layer, destroying both junctions 
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and rendering the transistor useless. Unusually high currents will 
overheat the transistor and, in some cases, may even melt its elec
trodes. 

Of course, heat damage may be caused by externally applied as 
well as by internally generated heat. External heat sources include 
hot soldering irons and electrical components which run "hot," 
such as vacuum tubes and power resistors, plus common heating 
devices such as radiators, hot-air registers and sun lamps. A 
transistor need not be in use to be damaged by excessive heat. 
Serious damage may occur if a transistor is stored in an overheated 
room or if transistorized equipment is placed close to a hot stove, 
furnace or similar heat source. 

Internally generated heat is the result of a power loss. The 
transistor, like any other electrical or mechanical device, is not 
100% efficient. Some part of the power applied to it will be lost 
during operation and this will show up as a temperature rise. If 
the heat is dissipated rapidly enough through the emitter and 
collector electrodes, the junction temperatures may stay within 
safe limits. But inefficient operation, overload and similar condi
tions might cause permanent damage. 

To help circuit designers, technicians, hobbyists and other 
users of their products to work within safe limits, transistor man
ufacturers specify maximum ratings for their units. As a mini
mum, most manufacturers specify the following values: 

(a) Maximum collector-to-emitter voltage. Referring to the 
basic amplifier circuit shown in Fig. 305, this is the value 
measured by voltmeter V3. It may range from as low as 4.5 volts 
for small high-frequency units to well over 200 volts for special 
transistors designed for switching or high-power applications. 
The measurement is generally made with the base connection 
"open." In addition, some firms also will specify maximum 
collector-to-base voltage (emitter open) and maximum emitter
to-base voltage (collector open). In Fig. 305, these would be the 
voltages measured by voltmeters V2 and Vl, respectively, with 
the appropriate electrodes disconnected. Since a transistor's char
acteristics vary with temperature, maximum voltages are gener
ally listed at a specific ambient temperature. 

(b) Maximum collector current. Specified in milliamperes or 
amperes, this value may range from less than 10 ma for sub
miniature transistors to 30 amperes or more for heavy-duty units. 
Referring to Fig. 305, this would be the current measured by 
meter M3. A few manufacturers will give an additional listing of 
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maximum emitter current (measured by M2, Fig. 305). As a 
rule, this second figure will be about the same as the first. 

(c) Maximum power dissipation. Varying considerably from 
one type of transistor to another, this value depends on the tran
sistor's construction, its physical size and the ambient temperature 
conditions under which it is used. It indicates the maximum 
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Fig. 305. Important voltages and currents in a typical transistor am
plifier stage. A p-n-p transistor is used. 

electrical power the device can safely dissipate as heat and is 
generally specified in milliwatts or watts. Typical values may 
range from less than 10 mw for subminiatures to over 200 watts 
for power transistors. In a few instances, a manufacturer may 
list maximum collector dissipation instead of total device dissipa
tion. 

(d) Maximum storage temperature. Generally given in degrees 
Centigrade, this is the maximum temperature to which the trans
istor can be subjected without permanent damage. The rating 
may be a fixed value, such as 85°C, or may be given as a tempera
ture range as, for example, -55° to 85°C. A few manufacturers 
will specify a maximum operating temperature as well as storage 
tern pera tures. 

While vacuum tubes, resistors and other electronic components 
generally have maximum ratings, these values are often con
servative and little or no damage will result if the components are 
operated slightly past their ratings for short periods. This is not 
always the case with transistors, however. The ratings specified 
by the manufacturer should be considered as absolute. Operation 
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of a transistor at values in excess of its ratings, even momentarily, 
may cause permanent damage. 

Transistor parameters 

If connected in similar circuits with identical operating condi
tions (bias voltages, ambient temperatures and so on), all tran
sistors of a given manufacturer's type should have about the 
same electrical characteristics as far as such factors as input and 
output impedances, power output and gain are concerned. Since 
these characteristics are constant for a given transistor under 
specified operating conditions, they are called the transistor's 
parameters. 

The expression "parameter" is borrowed from mathematics 
and is a term referring to arbitrary constants, values which are 
constant only under a specified set of conditions, as distinguished 
from true or absolute constants (such as pi, 3.14159), which 
always have the same value. 

Since transistor parameters are arbitrary constants, the indi
vidual units specified as well as their numerical value will vary 
considerably from one manufacturer to another, with various 
transistor types, with the test circuit arrangement used, with bias 
currents and with actual operating conditions. In most cases, too, 
a "specified" value represents a typical or average for a particular 
transistor type (number) under stipulated conditions. For ex
ample, a manufacturer may indicate that a specific unit has a gain, 
say, of 65. In practice, production units of that type may have 
gains ranging from 55 to 75, depending on the manufacturer's 
normal "spread" of values. The more important parameters which 
manufacturers specify include (a) input and output impedances 
(or admittances), (b) amplification factor, (c) frequency cutoff, 
(d) collector cutoff current, (e) power gain, (f) power output, 
(g) interelectrode capacitances and (h) noise figure. Let's examine 
each of these in turn. 

(a) Input and outjmt imjJedances (admittances). Both of these 
values are specified in ohms. The input impedance is the effective 
load which the transistor stage will present to a signal source; the 
output impedance is its internal impedance when used to drive 
an external load. Some manufacturers will specify admittances 
rather than impedances. These are essentially the reciprocals of 
the impedances and are expressed in mhos. These two parameters 
are i1seful when coupling transistors to each other or to other 
devices. A maximum transfer of energy between a source and its 
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load occurs when the output impedance of the source equals the 
input impedance of the load, or, in more familiar terms, when 
their impedances are matched. 

(b) Amplification factor. This is a basic measure of the maxi
m um gain possible when the transistor is used as an amplifier. It is 
expressed as a "pure" number rather than in specific units and 
indicates the ratio between a transistor's input and output signal 
currents. Analogous to the mu (µ.) of a vacuum tube, it is termed 
alpha (a) when the transistor is connected with its base grounded 
and beta (/3) when the emitter is grounded. Except for the virtu
ally obsolete point-contact transistor, alpha is always less than 1, 
but beta values may run into the hundreds. Beta is referred to as 
base current gain. 

(c) Frequency cutoff. When a transistor is used as an amplifier, 
its effective gain varies with the frequency of the signal handled. 
This variation is due to a number of factors, including the nature 
and value of internal impedances, the time required for holes and 
electrons to migate through the semiconductor material, and so on. 
The frequency at which the transistor's gain is approximately 
70% of its low-frequency value is called the frequency cutoff (or 
cutoff frequency) . This value depends on each transistor's type 
and construction. For example, a typical high power transistor 
may have a frequency cutoff of only 8 or 9 kc, while a carefully 
manufactured high-frequency type may have one in the thousands 
of megacycles. 

Most transistors can furnish considerable gain at signal fre
quencies well past their nominal "cutoff" values. Because of this, 
some prefer to specify the high-frequency characteristics of their 
transistors by a figure of merit. This is essentially the highest fre
quency at which the transistor has unity (I) gain, and, therefore, 
approximates the highest frequency at which the unit will serve as 
an oscillator. 

( d) Collector cutoff current. Sometimes called leakage cur
rent, this value is expressed in microamperes or milliamperes. 
Basically, it is the current flowing when a specified reverse bias 
voltage is applied between the base and collector electrodes, 
emitter open. In a sense, it indicates the transistor's "quality" as 
far as internal leakage currents are concerned. A good rule of 
thumb ... the lower the collector cutoff current, the better the 
transistor. 

Many low-cost transistor testers measure a transistor's leakage by 
checking collector current with a voltage applied between emitter 
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and collector, base open. This is approximately equal to the tran
sistor's collector cutoff current multiplied by its beta. 

(e) Power gain. In its simplest form, gain is the ratio of the 
output to input signal levels in an amplifier. Since a signal level 
may be expressed in terms of voltage, current or power, any of 
these terms may be used when specifying gain. However, power 
levels are the most significant for many types of work. A trans
istor's power gain is generally given in terms of decibels (db), a 
logarithmic unit. In practice, the power gain is equal to 10 times 
the logarithm (to the base 10) of the ratio in output to input 
power levels, with both powers expressed in the same terms (watts 
or milliwatts) . 

(f) Power outjmt. Expressed either in milliwatts or watts, a 
transistor's signal power output is significant when working with 
circuits in which electrical power is needed to drive an electrical 
or electromechanical device, such as a relay, loudspeaker, ear
phones, transmitting antenna or lamp bulb. Where the "quality" 
of the signal handled is important, as in record players and radio 
receivers, the power output figure is useful only where distortion 
levels are indicated. Some transistor amplifiers, for example, are 
rated in terms of "undistorted power output." Such a figure is 
considerably less than the maximum power output. 

(g) Interelectrode cajJacitances. Expressed in terms of micro
microfarads (µ,µ,f), these specifications refer to the effective capaci
tance between various pairs of electrodes, between the emitter and 
collector or between base and emitter, for example. They are of 
importance when the transistor is used in high-frequency tuned 
circuits, such as rf and if amplifiers, or where the transistor handles 
pulselike signals. 

(h) Noise figure. Any electronic device may introduce a certain 
amount of random signal power or noise in signals which it 
handles. This noise signal is generally the result of thermal (heat) 
agitation of current carriers (holes and electrons). A transistor's 
noise factor (or noise figure, NF) is a quantity which compares its 
performance with a theoretically ideal noiseless amplifier having 
the same input and output impedances, gain, power output and 
other characteristics. This theoretical amplifier is assumed to have 
a noise factor of O db, with its output serving as the reference 
level. The transistor's noise factor, then, is the ratio between its 
noise power output and that of the reference amplifier. It may be 
expressed as a simple numerical ratio or in terms of db (in the 
same way that power gain is specified) . From this, we can see 
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that it also may be defined as the ratio of the signal-to-noise ratio 
of its output signal to that of its input signal. Good quality tran
sistors have noise factors lower than those of comparable vacuum 
tubes. 

P-n-p and n-p-n types 
In our discussion of basic transistor action earlier in this 

Chapter, we assumed that the transistor used a p-type material in 
its emitter and collector electrodes and had an n-type base (Fig. 
302). It is called, appropriately enough, a p-n-p transistor. An 
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Fig. 306. Bias connections for p-n-p (a) and n-p-n (b) tran
sistors. The d c polarities are generally referred to the elec
trode which is common to both the input and output connec-

tions ... the emitter in this case. 
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equally good transistor may be assembled with n-type emitter and 
collector electrodes and a p-type base. This is identified as an 
n-p-n transistor and is shown, schematically, by reversing the di
rection of the arrowhead on the emitter electrode. Identical stages 
using p-n-p and n-p-n transistors are illustrated in Figs. 306-a and 
-b, respectively. 

In practice, the n-p-n transistor operates in much the same 
fashion as the p-n-p unit, except that the roles of electrons and 
holes are interchanged and battery polarities are reversed. Where a 
p-n-p unit is used, for example, the collector and base electrodes 
are generally biased negatively with respect to the emitter. If an 
n-p-n unit is used, on the other hand, these electrodes are biased 
positively with respect to the emitter. Commercial circuits may use 
all p-n-p types, all n-p-n types or a combination of the two, de
pending on the personal preferences of the individual designer, 
economic considerations, availability and the particular circuit. 
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Transistor circuit configurations 
Any electrical amplifying device, whether a vacuum tube, 

transistor or magnetic amplifier, has, basically, four signal 
terminals. The control signal is applied to a pair of input termi
nals, while the amplified signal is obtained from a pair of output 
terminals. Since the triode transistor has only three electrodes 
(emitter, base and collector), it follows that one of these must 
be common to both the input and output circuits. In fact, any of 
the three may be the common one, depending on circuit arrange
ment. 

In practice, then, the input signal is applied between one elec
trode and the common one, while the output is obtained between 
the remaining and common electrodes. From this, it is easy to 
see that there are three basic transistor circuit configurations: ( 1) 
common-emitter, (2) common-base and (3) common-collector. The 
common electrode is often connected to circuit ground. As a result, 
the word "grounded" may be substituted for "common" when 
describing a particular configuration. 

Since the vacuum tube predates the transistor as a practical 
amplifying device, it is reasonable to compare these two units. In 
typical applications, the transistor's emitter is roughly analogous 
to a vacuum tube's cathode, the base to a tube's grid and, finally 
the collector to the jJlate. Carrying this analogy a step further, we 
find that the common-emitter circuit corresponds, roughly, to 
the familiar common-cathode tube circuit; the common-base ar
rangement is similar to the popular grounded-grid amplifier and 
the common-collector is roughly equivalent to a tube's grounded
plate circuit (known more popularly as a cathode follower) . 

Regardless of these similarities in applications and basic circuit 
configurations, however, we must remember that the transistor is 
not equivalt:nt to a vacuum tube. Not only do the two devices 
differ in physical appearance and in principles of operation, but 
there are significant differences in electrical characteristics, power 
requirements and interelectrode impedances. Unlike the vacuum 
tube, there is a direct resistive connection between all three 
electrodes in a transistor. 

The three basic transistor circuit configurations, together with 
the corresponding vacuum-tube circuits, are shown schematically 
in Figs. 307, 308 and 309. Let's examine these in detail. 

Common-emitter amplifier 
Providing the highest voltage gain with a given transistor type, 
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the common-emitter configuration (Fig. 307) is the most popular 
of the three basic circuits. It is the one encountered most often 
in commercial and experimental equipment and, in this respect, 
is like its analogous vacuum-tube circuit, the grounded-cathode 
amplifier. 

Referring to the schematic diagram, base-bias current is sup
plied by battery Bl through series current-limiting resistor Rl. 
Collector current is supplied by B2. Depending on the circuit 
application, the load may be a resistor, choke coil, relay, head-
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Fig. 307. The basic common-emitter transistor circuit configuration together 
with the analogous vacuum tube circuit arrangement. Often, the words 
"common" and "grounded" are used interchangeably ... thus, a common-

emitter stage might be specified also as grounded-emitter. 

phone or the primary winding of an af, if or rf transformer. If 
desirable, a single battery may be used to supply both base-bias 
and collector currents. With the circuit shown, this can be done by 
removing Bl and returning Rl's lower lead to B2's negative 
terminal, readjusting Rl's value as necessary to maintain proper 
bias current. 

In operation, the input signal is applied to the base-emitter 
circuit across Rl and Bl. A de blocking capacitor may be used in 
series with one of the input signal leads to avoid changes in base 
bias current. The amplified output signal is developed in the 
collector-emitter circuit, appearing across the collector load. Here, 
the output signal may be coupled through a matching transformer 
to, say, a loudspeaker's voice coil or it may be transferred to an
other stage for additional amplification or, if the collector load is a 
relay, headphone or similar electromechanical unit, may serve to 
actuate the device. 

Assuming a p-n-p transistor to be used, a swing of the input 
signal toward a negative polarity will cause an increase in collector 
current and hence an increase in the voltage drop across the col-
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lector load. This reduces the negative voltage available at the 
collector (supplied by B2) and hence causes the collector voltage 
to swing in a positive (less negative) direction. The opposite action 
occurs in the case of an n-p-n transistor, but since the battery volt
age is reversed, the net result is the same. In other words, the 
common-emitter circuit causes a reversal between input and out
put signal polarities. When the input signal swings in a negative 
direction, the output signal swings in a positive direction, and vice 
versa. ·when dealing with symmetrical sine waves, this is equivalent 
to a 180° phase shift. The transistor circuit shares this polarity
reversing characteristic with its anaiogous vacuum-tube circuit. 

The general characteristics of the common-emitter circuit, then, 
are the ability to supply good voltage, current and power gains, a 
low to moderate input impedance, and a moderate to high output 
impedance. It is suitable for use at audio and radio frequencies 
and is fairly stable when junction transistors are used. The gain 
and power output obtained from a common-emitter stage depend 
on the type of transistor, operating currents and the nature of the 
collector load. 

Common-base amplifier 

Roughly equivalent to the grounded-grid vacuum-tube circuit, 
the common-base amplifier (Fig. 308) has high inherent stabil
ity. However, it does not offer the high degree of isolation between 
input and output circuits that characterizes the grounded-grid 
arrangement. 

Referring to the schematic diagram, emitter bias current is sup
plied by battery Bl through emitter resistor RI. Collector current 
is furnished by B2. Again, the collector load may be a resistor, 
choke, transformer primary winding or an electromechanical de
vice. As in the case of the common-emitter configuration, a single 
battery may be used. In this case, B2 is removed and the lower lead 
of the collector load returned to Ill's negative terminal. In addi
tion, Bl 's voltage would be raised and RI dropped in value, with 
a suitable current-limiting resistor connected between the base 
electrode and Bl's negative terminal. This new resistor would be 
bypassed with a large capacitor. 

In operation, the input signal is applied to the emitter-base 
circuit across R 1 and B 1. As before, a de blocking capacitor may 
be used in series with one of the input leads. The amplified output 
signal is developed in the collector-base circuit, appearing across 
the collector load. Although a small current gain may be obtained 
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with some point-contact transistors, the current gain is always less 
than unity (1) with more popular modern types. The collector 
(output) current is always slightly less than the emitter's (input) 

current. A voltage or power gain is still possible, however, due to a 
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l1l1l1l1 + 
Bl = B2 

B2 + 

-= -=-
GROUNDED GRID COMMON BASE 

Fig. 308. The grounded-grid circuit is often used for circuit isolation. The 
commo11-emitter stage does not provide the isolatio11 of its vacuum-tube 

cou11terpart. 

large difference between the transistor's input and output 
impedances. 

Assuming a p-n-p transistor to be used, a swing of the input 
signal toward a negative polarity will cause a decrease in the 
emitter-base bias current. This, in turn, will reduce collector cur
rent and decrease the voltage drop across the collector load, thus 
increasing the negative voltage available at the collector electrode 
(supplied by B2) and causing the collector voltage to swing in a 

negative direction. Since the output signal swings in a negative 
direction when the input signal swings toward a negative polarity, 
there is no signal phase reversal. 

The common-base circuit has a low input impedance and a high 
to very high output impedance, and can supply good voltage and 
power gains, although these are somewhat less than those obtained 
with the common-emitter configuration. It's current gain is very 
low, however, actually less than I where popular transistor types 
are used. The basic circuit is extremely stable and may be used 
at audio or radio frequencies. Actual gain and power output levels 
depend on the type of transistor used, operating currents and the 
nature of the collector load. 

Common-collector amplifier 

Unlike the other two basic configurations which feature low to 
moderate input and high to very high output impedances, the 
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common-collector config·uration (Fig. 309) has a high injmt and 
low to moderate outjmt imJ;edances. Because of this characteristic, 
the circuit, like its analogous vacuum-tube arrangement (the 
familiar cathode follower), is used primarily for impedance
matching applications. 

Referring to the schematic diagram, a single battery, BI, supplies 
de operating power for the entire circuit. As in the first circuits 
discussed, however, separate power sources could be used. Base bias 
current is supplied through current limiting resistor RI, while 
emitter current is supplied through the emitter load. As before, the 
load might be a resistor, choke or similar component. A large by
pass capacitor, Cl (shown dotted), may be connected across the 
power source (BI) as an effective short for ac signal currents. 

In operation, the input signal is applied to the base-collector 
circuit across RI. A de blocking capacitor may be used in series 
with one of the input leads. The output signal is developed in the 
emitter-collector circuit, appearing across the emitter load. The 
polarity of this signal is such as to partially cancel and to effectively 
reduce the base-emitter voltage, and thus to limit the voltage gain 
which the circuit can deliver. Since the input signal voltage must 
be greater than the emitter-to-ground signal (output) for the 
transistor to operate, this circuit delivers a voltage gain approach
ing, but slightly less than, unity (1). In other words, the output 
signal voltage is always less than the applied (input) signal. 

Another way of explaining this action is to consider the emitter 
load as an unbypassed impedance introducing a degenerative volt
age (or inverse feedback signal) which, in turn, effectively cancels 
much of the stage's voltage gain. In this respect, the common
collector circuit is quite similar to the analogous cathode follower, 
which also has a gain of less than unity. 

While the inverse feedback signal developed across the emitter 
load limits stage voltage gain to less than I, it has a quite desirable 
secondary effect. The emitter load is between the low-impedance 
base-emitter junction and circuit ground, thus raising the stage's 
input impedance. For practical purposes, the circuit's input im
pedance is a value approximating the emitter load impedance mul
tiplied by the transistor's gain (beta). There is a limiting factor on 
the magnitude of the input impedance, regardless of how large 
the emitter load is made. This is the impedance of the high
resistance base-collector junction. With commonly available tran
sistors, the input impedance of this circuit is limited to values 
under IO megohms. 
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Assuming a p-n-p transistor to be used, a swing of the input 
signal toward a negative polarity will cause an increase in base bias 
current and hence an increase in emitter current. This, in turn, 
causes an increase in the voltage drop across the emitter load, 
reducing the positive voltage available at the emitter electrode 
(with respect to circuit ground). Since a swing of the input signal 
in a negative direction causes the output signal voltage to swing 
in a negative (less positive) direction, the input and output signals 
are in phase. 

In summary, the common-collector circuit has a high input and 
low output impedance. Although its voltage gain is less than I, it 
can supply reasonable current and power gains. It does not reverse 
signal phase. Fairly stable, it is suitable for use at both audio and 

OUT OUT 

IN 
IN 

-: CATHODE FOLLOWER 
COMMON COLLECTOR 

Fig. 309. Roth the common co/lecto,· and its vacuum-tube counterpart, the 
cathode follower, are used to provide minimum circuit loading. 

radio frequencies. As with the analogous vacuum-tube cathode 
follower, one of its principal applications is as an impedance
matching device, matching the high impedance of one circuit or 
device to the low impedance of another. Finally, since it offers 
a low output impedance coupled with reasonable power gain, it is 
often used as power output stage in receivers and amplifiers. 

Phase 
Advanced workers as well as beginners often have difficulty in 

understanding the phase relationships between the input and 
output signals in an amplifier stage. As we have seen, phase reversal 
occurs in the common-emitter circuit, but not in the common-base 
or common-collector amplifiers. 

A simple analogy will help in understanding this important re
lationship. Consider two runners starting a race. Let us suppose 
that both start on their left feet, both take an equal number of 
equal length strides and both end the race in a dead heat, crossing 
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the finish line with their right feet extended forward. The two 
runners would be in phase. 

Suppose, now, that the conditions are the same, but that one 
runner takes slightly shorter strides than the other. To keep up 
with his opponent, he takes more strides during the race. Again, 
we'll suppose both end in a dead heat, but that one runner crosses 
the finish line with his right foot extended, the other with his left 
foot forward. In the second case, the two runners are out of /Jlzase. 

Returning, now, to the case of an amplifier, we can consider the 
relationship between signal waveforms. The two basic situations 
are illustrated in Fig. 310 in which an amplifier stage is repre
sented by a block diagram and typical input and output signal 
waveforms are shown. In a true amplifier, the output signal would 

INPUT AMPLIFIER OUTPUT 

-@ 
a 

INPUT OUTPUT 

-® 
b 

Fig. 310. What we mean /Jy J1hase 11•hen sj1eaki11g 
of m1 a111plifier stage. Al (a). lite i11Jml and oulfmt 
sig11al wavefor111s are i11 j1hase. At (/J ), the two 
sig11als are out-of·jJhase. In the latter case, n•e say 

that J1hase reversal has taken j1lace. 

have greater amplitude than the input signal, but we have assumed 
the same amplitude for purposes of illustration. 

In Fig. 310-a, the input and output signals are in /Jhase. ·when 
the input signal swings in a positive direction, the output signal 
also swings in a positive direction. Similarly, when the input signal 
swings in a negative direction, the output signal changes in a 
negative direction. 

In Fig. 310-b, the input and output signals are out of phase. 
When the input signal swings in a positive direction, the output 
signal changes in a negative direction, and vice versa. In effect, the 
output signal is just like the input, but turned "upside down." 

When dealing with sine waves, the positive-going and negative-
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going half-cycles are identical. If we consider a full cycle (consist
ing of one positive and one negative half-cycle) to represent 360 

Basic 
Cire1it 

Table 3-1. 

Basic Transistor Amplifier Circuit Characteristics 
(Junction Transistors) 

Input Output Power Voltage C1rre1t Pllase 
Impedance+ Impedance+ Gain Gai• Gain Cange 

Common- Low to Moderate Best Best Very Reversal 
emitter Moderate to High Good 

Common- Very Low High to Very Good Less Than* None 
base to Moderate Very High Good 1.0 

Common- Moderate Low to Moderate Less Than Very None 
collector to High Moderate 1.0 Good 

• Paint-Contact Transistors-C•rrent gaia may exceed 1-0; not stable in c11111on-e11itter circuit. 

+ Hi Power Junction Transistors-Both input and output impedances may be 1nder 1 DO ollms. 

electrical degrees, then the effect of phase reversal is as if the 
entire signal has been shifted forward or back along its axis by a 
single half-cycle, that is, 180°. Thus, signal-polarity reversal in 
an amplifier is often treated as an electrical phase shift of 180°. In 
Fig. t~ I 0, one and one-half cycles are shown in each case. 

Summary 
In Table 3-1, the relative characteristics of the three basic 

amplifier configurations are itemized for comparison. Typical 
values are not shown, for these will vary considerably with different 
types of transistors, with operating bias currents and with the 
nature and magnitude of the output loads used. For example, a 
typical low-power transistor in the common-emitter configuration 
might have an input impedance of 1,000 ohms, an output im
pedance of 20,000 ohms and a power gain of 35 db. On the other 
hand, a power transistor in a similar circuit configuration, and 
with similar applied voltages, could provide a similar power gain, 
but might have an input impedance of only 10 ohms and an output 
impedance of 40 ohms. A medium power transistor could have 
values between the two. 
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CHAPTER 4 

How to talk transistor 
language or~ 

Don~t let the hig words 
seare you 

Radio receivers and transmitters, record players, TV sets, test 
instruments, radar and sonar gear, industrial controls ... in fact, 
almost any type of electronic equipment you can name ... are all 
signal lumdling devices. This is true whether the equipment uses 
magnetic amplifiers, vacuum tubes, or such solid-state semicon
ductor devices as diodes and transistors. Depending on its intended 
function, each individual piece of equipment may handle its 
signal (s) in a variety of ways; it may amplify, rectify, measure, 
interpret, convert, detect, translate, modulate, or attenuate its 
signal (s), using the signal to operate a loudspeaker, light a cathode 
ray tube, deflect a meter pointer, energize a lamp bulb, or actuate 
a relay or solenoid. 

"Fine," you ask, "but what's a signal?" 
As the clever politician would say-"That's a good question!" 
And the politician, after congratulating you on your astuteness 

in asking such a question, would then ramble on with several 
thousand words having absolutely no relationship to the question 
... or, in many cases, very little relationship to anything in 
particular. We'll try to do better than the politician. 

Let's start with a simple example. Take a length of two
conductor cable-ordinary lamp-cord will do. At one end station 
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a rriend with a ck voltmeter. Place yourself at the other end with 
se\'eral flashlight batteries and a few pieces of hook-up wire. 

Your friend connects the voltmeter to his end of the cable and 
measures zero voltage, which is not too surprising. \Vhile he's 
making this measurement, you connect one of your flashlight 
batteries to your end of the cable. Immediately he measures a 
de voltage. \Vhether an up-scale or down-scale (needle moves to 
le/ I of zero on meter scale) reading is obtained depends on how 
he connects his meter leads and how you connect your battery. 
II he obtains a down-scale reading, he may simply reverse his meter 
leads to obtain the proper meter polarity. 

Your act of connecting· the battery to the cable has transmitted 
an electrical signal to your friend. This signal is called a slejJ 
f1111clion, for the voltage on the line has "stepped" from one fixed 
level (0) to another (battery voltage). If you connect another 
battery in series with the one you have, doubling the voltage ap
plied to the line, you'll develop another step function ... and will 
send another signal to your friend. Here, the line voltage has 
shifted from one value (battery voltage) to another (twice the 
battery voltage). 

Suppose, instead, you reversed your battery connection. The 
voltage checked at the other end of the line would drop to zero, 
then jump back to its original value, but with ojJjJosite jJolarity. 
Your friend would have to reverse his meter connections to obtain 
an up-scale reading. Let's go a little further ... instead of reversing 
the battery once, .you continue to do so at the rate of, two reversals 
per second. And, to simplify our discussion, we'll call one of the 
conductors the ground lead. Your friend, then, will measure a 
positive voltage with respect to ground for a half-second, then a 
negative voltage with respect to ground for another half-second 
... for as long as you continue to reverse the battery. 

If the line voltage were plotted in form of a graph, using time 
as a base line, the resulting curve would consist of a series of short 
dashes above the 0-voltage level to represent the periods during 
which a positive voltage was measured, with a corresponding series 
of alternating dashes below the zero voltage line representing the 
periods when a negative voltage is present. The alternating dashes 
would be connected with short vertical lines at each end to ·show 
the change from a positive voltage, through zero to a nega
tive voltage. The resulting pattern would resemble the top wall 
of an ancient castle and would represent the waveform of our 
signal. 
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An electrical signal, therefore, consists of a change in voltage or 
current through a circuit. It may have a definite polarity ... 
essentially a pulsating de voltage ... or may reverse polarity, as 
in our last experiment. If the polarity reverses, it is, of course, an 
ac signal. By definition, a signal is any physical phenomena that 
can be converted into electrical voltages or currents, such as sound 
waves through air or water, electromagnetic vibrations, variations 
in light levels or even the slow movement of a piece of industrial 
machinery. 

Any signal has certain easily-defined characteristics. It has ampli
tude (the value of voltage), it has a waveform, and, if ac, it may 
have a specified frequency if it is not a random signal-like speech. 
In our example, the last signal developed had a frequency of I 
cycle per second (cps), for it went through its full cycle of positive 
and negative variations during this period. If the battery had been 
reversed twice as fast, developing quarter-second positive and 
negative impulses, the frequency would have been two cps. 

A signal's waveform may be determined by plotting instantan
eous-voltage or current values on a graph, just as in our example. 
This procedure is not practical, however, unless we deal with 
signals of very low frequency. More generally, the waveform is 
observed on the screen of an oscilloscope, an instrument which 
electrically traces the waveform pattern. Typical-signal waveforms 
encountered in transistor circuits are illustrated in Fig. 401. 

A sine-wave pattern of an ac signal, with its voltage varying 
from a peak-positive value to a peak-negative value is shown in Fig. 
401-a. The variation is not sudden, however, but follows a smooth, 
gradual curve. The waveform of the alternating current delivered 
by a power line is a sine-wave, generally with a frequency of 60 
cps (50 cps and 25 cps ac is furnished in some areas). 

If a sine-wave signal is passed through a rectifier, such as a 
semiconductor diode, "half" of its cycles are "stripped" away. As 
you'll recall, a semiconductor-diode junction offers high resistance 
to the flow of current in one direction. The resulting waveform, a 
half-wave rectified sine-wave, is illustrated in Fig. 401-b. 

Often, two rectifier diodes are used, each working on alternate 
half-cycles, and having their outputs combined in such a way as 
to reinsert the missing half-cycle, thereby giving a signal waveform 
of single polarity (all positive half-cycles, for example), as seen 
in Fig. 401-c. 

A modulated sine-wave signal is illustrated in Fig. 401-d. This 
is the type of signal developed by a common radiotelephone (am) 
transmitter. In effect, it is a high-frequency sine-wave whose 
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instantaneous amplitude is varied in accordance with the wave
form of a low-frequency sig·nal. The low-frequency signal is the 
high-frequency signal's modulation enveloj1e. If the instantaneous 
frequency of the high-frequency signal is varied, instead of its 
amplitude, the signal is frequency-modulated (fm). 

The waveform seen in Fig. 401-e results when a sine-wave signal 
of relatively high amplitude gradually loses strength and finally 
drops to zero. It is called a damped wave-train. Two successive 
wave-trains are shown. 

The square-wave signal in Fig. 401-f is the pattern which would 
result in our last battery experiment. The signal has a fixed posi
tive value for a short time interval, drops through zero, to a fixed 
negative voltage, and so on. I½ cycles (3 half-cycles) are shown. 

Let us return to our battery experiment. If the battery had been 
connected to the line for a very short interval, disconnected for a 
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Fig. 401. Basic signal waveforms: (a) si11e wave; (b) half-wave rectified 
sig11a/; (c) full-wave rectified signal; (d) modulated high-frequency 
signal; (e) damj>ed wave train; (I) square wave; (g) rectangular bidirec
tional pulses; (h) unidirectional pulses; (i) sharp pulses or spikes; (j) 

saw-tooth signal. 

fairly long interval, reconnected with reversed polarity for a 
short interval, disconnected ... and so on ... the result would 
be a series of positive and negative rectangular pulses, as shown in 
Fig. 401-g. These are called bidirectional pulses, since they have 
alternate-polarity values. Had the battery not been reversed, 
unidirectional pulses, as shown in Fig 401-h, would have been 
developed. Extremely sharp and narrow pulses of high amplitude 
are generally called spikes-see Fig 401-i. 

Pulses, spikes and damped wave-trains (oscillations), since they 
may occur erratically in some types of circuits, are called transients. 

A smooth, linear (straight-line) variation in voltage or current 
from one level to another, followed by an almost instant return 
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to its original value, with the entire cycle repeated, develops a 
waveform which bears a close resemblance to a familiar household 
tool. Fig. 401-j. Such a pattern is called a saw-tooth waveform. 

Learning to recognize and to identify various signal patterns is 
an interesting past-time, and can be invaluable both in the study 
of practical circuits and in the troubleshooting and repair of com
mercial equipment or experimental projects. A variation in the 
waveform of a signal from its expected pattern often gives an 
important clue as to circuit behavior. 

AMPLIFIERS 
As we have seen, the transistor is essentially a current-amplifying 

device which may be used in any of three basic configurations, de
pending on which electrode is chosen as common to both the input 
and output circuits. In the common-emitter and common-collector 
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VI 

R2 

'-----+_. ,1,1 
-:- Bl 

Fig. 402. The si11gle-e11ded ,1111-
j,li/ier used for audio a111j,li/ica
tio11 is alwa,·s operated "Class 
A". Distortio11 occurs n•he11 the 
bias is of a 11alue that J>en11its 

OUTPUT a11y portio11 of the sig11a/ to 111m1e 
the i11sta11ta11eous bias j>oi11t lo 
a 11011li11ear portio11 of the oj,
erati11g cun,e. This distortio11 
ca11 be put to a practical use i11 
special circuits 11ot i11te11ded for 

the reproductio11 of sou11d. 

configurations, for example, a relatively small current applied to 
the input terminals can control a much larger current in the out
put circuit. Although no actual current gain is achieved in the 
common-base amplifier (except with certain point-contact tran
sistors), a gain in signal amplitude (voltage or power) is possible 
due to the large difference between input and optput impedances. 

While the three configurations are basic to all transistor appli
cations, there are two ways in which any of the three may be used 
. . . single-ended and jm,sh-jmll. These two arrangements are 
fundamental to all types of amplifying devices, whether vacuum 
or gas-filled tubes, transistors or other solid-state units. Typical 
single-ended and push-pull circuits, using p-n-p transistors in the 
common-emitter configuration, are illustrated in Figs. 402 and 
403, respectively. 

The single-ended stage, as we can see by referring to Fig. 402 
is one of the three standard configurations in its basic form. That 
is, the input signal is applied between one electrode (base) and 
a common one (emitter), with the amplified output signal ob-
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tained between the remaining (collector) and common electrodes. 
In the circuit shown, the transformer's (Tl) primary winding 
serves as VI 's collector load, with base bias supplied by a voltage 
divider made up of RI and R2. Cl serves as an input de-blocking 
capacitor, preventing a change in base bias when a signal source is 
connected between the stage's input terminal and circuit gnmnd. 
Operating· power is supplied by a single battery, Bl. In other 
applications, Vi's load might be a tuned circuit, resistor, chcke 
coil, relay or some other component; and one of several resistor
connections could be used to supply base-bias current. 

C 

V2 

RI 

Fig. 403. The push-pull a111plifier ca11 l,e biased "Class 
A" for the least distortio11 or "Class tr for the greatest 
power output. Co111pro111ise amplifiers (like AB) are 
used for 111ore power a11d have 111ore distorti<m than 
those in Class-A oj,eratio11. C/ass-C 1,i<ls is used 011/)' 

with L-C tu11ed circuits. 

Employing two transistors in a single stage, the push-pull ampli
fier can deliver considerably more output power and can handle 
sig·nals of much greater amplitude than a single-ended stage using 
the same type transistor. In a broad sense, however, the push-pull 
circuit actually consists of two single-ended stages connected "back
to-back." 

To demonstrate this concept, refer to Fig. 403. Use a small 
piece of paper or your hand to cover the top "half" of the circuit. 
Study the connections to V2. Then move the paper to cover the 
lower part of the circuit, studying the connections to Vl. In each 
case you'll find that the exposed circuit is basically a single-ended 
common-emitter stage with a transformer (Tl) input and a 
transformer (T2) collector-load. In both cases, operating power is 
supplied by Bl, with base bias provided by resistive-voltage divider 
Rl-R2. 

In operation, two identical, but inverted, input signals are 
required to drive the stage. These are obtained from center-tapped-
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input transformer Tl. During ½-cycle, a positive-going signal is 
applied to one transistor and an identical negative-going signal to 
the other. Signal polarities are reversed during the succeeding half
cycle, reversed again during the next half-cycle, and so on. 

Let's assume that the base bias applied by voltage-divider RI-R2 
permits each transistor (Vl and V2) to draw a small amount of 
collector current. These equal currents, flowing in ojJjJosite di
rections through T2's center-tapped primary winding, develop 
magnetic fields in T2's core which cancel each other. Thus, there 
are no flux linkages to couple with T2's secondary, nor is there any 
tendency for T2's core to reach magnetic saturation. 

When a positive-going signal is applied, for example to VI, its 
collector current is reduced. At the same time, the negative-going 
signal applied to the base-emitter circuit of V2 increases its col
lector current. The currents through T2's primary winding, 
although still flowing in opposite directions, are no longer equal 
and hence do not produce magnetic fields which cancel. Inste::id, 
magnetic-flux linkages are developed which are proportional to 
the difference between VI 's and V2's collector currents. These 
flux linkages, coupling with T2's secondary, develop an amplified
output signal. On the next half-cycle, a negative-going signal is ap
plied to VI 's base-emitter circuit and a positive-going signal to V2. 
A similar situation occurs, but with the VI 's current increasing 
and V2's collector current decreasing. 

Therefore, one transistor serves to "push" the amplified-output 
signal while the other serves to "pull," hence the circuit's name. 

While we have used a common-emitter configuration in our 
example, push-pull operation need not be confined to just this one 
type of circuit. Push-pull common-collector or common-base ar
rangements are just as practical. The essential ingredients for 
push-pull circuitry are: (a) an input signal or signals, which affect 
two transistors (or other amplifying devices) in an equal but 
opposite fashion, and (b) an output device capable of combining 
the two amplified signals delivered by each "half" of the stage. For 
best operation, the two transistors should be balanced ... that is, 
should have identical ac and de characteristics and should provide 
equal gain. 

Distortion 

When a transistor is operated as a linear amplifier, its output 
current is directly projJortional to the variations in the input 
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signal. Thus, the output-signal waveform is a faithful reproduc
tion of the input signal. If a transistor is operated as a non-linear 
amplifier, the output-signal waveform becomes distorted. This 
condition occurs when an amplifier stage is operated improperly 
and may be caused by a defective transistor, by a change in operat
ing voltages (or currents) due to defective circuit components, by 
improper bias currents or by applying an input signal greater in 
amplitude than the stage is capable of handling. In the last case 
the amplifier is said to be overdriven. 

Referring back to Fig. 402, let us assume that a sine-wave signal 
is applied to the stage's base-emitter input circuit-Fig. 401-a. Let 
us suppose, furthermore, an incorrect value has been chosen for 
RI, so that excessive base bias is applied to the transistor. Collector 
current, under these conditions, is so high that the available battery 
voltage (Bl) is dropped across Tl's primary winding. On positive 
half-cycles, VI 's collector current can be reduced and will develop 
an amplified-signal waveform which duplicates the input signal. 
On negative half-cycles, however, VI 's collector current cannot 
increase, since this current is already at a maximum. The stage is 
essentially saturated. Since collector current cannot increase to 
follow the variations of negative-going half-cycles of the input 
signal, this "half" of the input signal is not amplified. It is 
"stripped" away, instead, and the output signal waveform would 
appear essentially like the pattern shown in Fig. 401-b, although 
inverted (remember that phase inversion takes place in a common
emitter stage). The negative-going half cycles of the applied signal 
have been clijJped, and severe signal distortion results. 

If the base bias had been of some smaller value- (not enough to 
saturate the stage, hut still enough to permit saturation on the 
jJeaks of the negative-going half-cycles) then only the peaks would 
be clipped. The stage would still distort the signal, but the distor
tion would not be as severe as before. 

Let us now, consider the opposite situation. Let's assume that 
RI is open due to either a defective resistor or broken (or un
soldered) lead. The stage is operated without base bias and is at 
cut-off or there is no collector current flow. 

·when the sine-wave input signal is applied, the negative half
cycles will cause appropriate increases in collector current, and·will 
develop an amplified reproduction of themselves in the output 
circuit. The positive-going half-cycles will not affect collector cur
rent, however, for the current cannot he reduced below zero. As 
before, the output signal waveform will appear somewhat like the 
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pattern shown in Fig. 401-b; the positive-going half-cycles of the 
applied signal have been clipped. 

If a little, but not adequate, base bias had been applied to the 
stage, only the extreme peaks of the positive-going half-cycles 
would be clipped. Again, distortion would occur, but would be 
less severe than if the stage were operated without bias. 

Had adequate bias been applied to the stage, and the input 
signal been of such amplitude as to drive the transistor to satura
tion on its negative peaks and to cut-off on its positive peaks, then 
both jJeaks of the output signal would he clipped. In extreme cases, 
the output-signal waveform might take on the appearance of a 
square-wave, as shown in Fig. 401-f. 

By using mathematical-analysis techniques, it can be shown that 
any repetitive-signal waveform (including all of those shown in 
Fig. 401), regardless of its complexity, is made up of a fundamental 
sine-wave signal plus even- and odd-harmonic signals of varying 
amplitudes. The mathematical expression derived by such an 
analysis is known as the Fourier Series. \Vhen this series is used to 
analyze the distorted-signal waveform obtained from a non-linear 
amplifier, it is found that the output signal contains the original 
(fundamental) signal jJlus higher order harmonics. For example, 
if a 120 cps sine-wave signal is passed through an improperly oper
ating stage, the distorted output signal still has a basic frequency 
of 120 cps. However, it also contains additional-signal components 
at 240 cps (2nd harmonic), 360 cps (3rd harmonic), and so on. 

Distortion which results in the addition of harmonics to the 
original signal is termed harmonic distortion and, can be de
termined by filtering out the original (fundamental) signal and 
comparing its amplitude to those of the harmonics. This result 
is generally expressed as a percentage figure. 

In addition to introducing harmonic distortion, a non-linear am
plifier can cause another type of difficulty. \Vhen several different 
signals are amplified simultaneously by an ideal (linear) amplifier. 
the composite-output signal will contain amplified versions of the 
original signal is termed harmonic distortion and can be de
tive separation that existed in the input. However, when several 
different signals are handled by a non-linear stage, they tend to 
modulate one another, so that the composite-output signal con
tains not only the original signals but also their sum-and-difference 
frequency signals. 

As a practical example, suppose that 70 and 7,000 cps signals 
were passed through a linear amplifier. The output signal would 
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include amplified versions of these two signals and nothing more. 
However, if these two signals were handled by a non-linear stage, 
the output would contain both original signals (70 and 7,000 cps), 
jJlus two new signals. One would represent their difference-fre
quency (7,000 - 70, or 6,930 cps), and the other their sum-fre
quency (7,000 + 70, or 7,070 cps), in addition to any harmonic 
signals resulting from harmonic distortion. The latter could in
clude harmonics of both original signals as well as harmonics of 
the sum- and difference-frequency signals. Distortion which re
sults when two or more signals cross-modulate each other is called 
intermodulation distortion, and like harmonic distortion is ex
pressed as a percentage figure. 

Summing up, non-linear operation may occur if a transistor is 
operated with incorrect bias, if it is overdriven or if the transistor 
is defective. If a p-n-p stage is operated with too little bias, the 
positive peaks of the input signal may be clipped, and the nega
tive peaks clipped only if the stage is operated with excessive bias. 
In an n-p-n stage, the opposite situation holds. In both, however, 
both peaks of an amplified signal will be flattened (or clipped) 
if the stage is overdriven. Non-linear operation may introduce 
either harmonic or intermodulation distortion, or both. 

Amplifier classes 
The operating parameters of a given transistor with a specific 

load in any of the three basic configurations depend primarily on 
its bias currents (and voltages). Of these, the input-bias current 
is probably the most important single factor in determining such 
values as stage gain, collector current, power output and mode of 
operation. Transistor-amplifier stages may be operated in any of 
three basic Classes, plus one sub-class, depending on the relation
ship between stage-bias and input-signal amplitude. These stages 
are identified as Class A, Class B, Class C and the sub-class Class 
AB. The designations are equivalent to a similar classification sys
tem used for identifying various types of vacuum-tube-amplifier 
stages. 

In the common-emitter and common-collector configurations, 
the input bias is the stage's base current. In the common-base cir
cuit, the input bias is emitter current. When an external ac-signal 
is applied to a stage, the instantaneous bias current varies up and 
down in accordance with the variations in the input signal. These 
variations in turn, cause corresponding changes in the instanta
neous value of the stage's output current, developing an amplified 
signal across the transistor's output load. 
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Taking the common-emitter circuit as an example, one will 
note the steady-state or "zero-signal"-collector current approxi
mates the transistor's /Jela times the fixed base-bias current. If a 
p-n-p transistor is used, the collector current increases when the 
input signal swings in a negative direction, reaching its maximum 
value when the input signal approaches a negative peak. \Vhen 
the input signal swing·s in a positive direction, the collector cur
rent decreases, reaching its minimum value when the input signal 
is at its positive peak. A similar, but opposite, action occurs when 
an n-p-n transistor is used. 

The operation of the three basic amplifier Classes is illustrated 
in Fig. 404. In each case, a single-ended circuit is shown, using a 
p-n-p transistor in the common-emitter configuration. :'IJ-p-n tran
sistors may be used in similar circuits by reversing all de (battery) 
polarities. 

In a Class-A amplifier, a moderate base-bias current is employed, 
setting the zero-signal-collector current at a relatively high value. 
\Vith an input signal applied, the collector current varies to 
either side (above or below) of its steady-state value, but never 
reaches zero, even on the positive peaks of the applied signal. 
Thus, the full cycle of the input signal controls the instantaneous 
amplitude of collector current, and the collector-current and out
put-signal waveforms accurately duplicate those of the input sig
nal. With a typical signal, such as a sine-wave, the collector-current 
excursions above and below its steady-state value are equal, and 
thus cancel when averaged. As a result, the average collector cur
rent of a Class-A amplifier remains the same whether or not a 
signal is being amplified. 

Class-B operation is obtained when our typical common-emitter 
stage is worked with zero-base-bias current. \Vith this mode of op
eration, the steady-state collector current would be zero if an 
ideal transistor were used. Where a p-n-p-type is employed, as in 
our example, the collector current• remains cut off during the en
tire positive half-cycles of the applied signal, flowing only during 
the negative half-cycles and reaching a maximum when the input 
signal reaches a negative peak. Thus, only alternate half-cycles of 
the applied signal are effective in controlling the amplifier's out
put, and the output-signal waveform becomes a series of half
cycle pulses, resembling the input signal as it would appear if 
passed through, for example, a half-wave rectifier. In effect, alter
nate-half-cycles of the applied signal are "clipped off," with the 
remaining half-cycles greatly amplified. The average value of col-
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lector current rises from zero to a large value when an input 
signal is applied to a Class-B stage, with its actual value directly 
proportional to the amplitude of the applied signal. The greater 
the input signal, the greater the increase in average collector cur
rent. 

In a Class C amplifier, a reverse-base bias is employed, and col
lector current remains not only under zero-signal conditions, 
but doesn't flow unless the alternate peaks of the applied signal 
are sufficient to overcome this initial bias. Once the bias is over-
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come, collector current can flow, and will increase and decrease 
in amplitude to follow the variations in signal peaks. Thus, only 
the alternate j1eaks of the applied signal have control over col
lector-current amplitude, and the output-current waveform be
comes a series of narrow pulses. As with a Class-B stage, the aver
age value of collector current rises from zero to a large value 
when an input signal is applied, with its actual value depending 
on the amplitude of the applied signal. 

The Class-AB amplifier is intermediate between Class A and 
Class B. A small input (base) bias is used. There is some collector 
current flow under zero-signal conditions, but not as much as 
with Class-A operation. When an input signal is applied, the col
lector current is reduced to zero for a large portion of positive 
half-cycles, but there is a net-average increase in collector-current 
flow due to the high current peaks on negative half-cycles. In prac
tice, true Class-B operation is employed infrequently in com
mercial-transistor circuits, and textbook and magazine references 
to "Class-B amplifiers" generally refer to Class-AB stages. 

Where low-level signals are involved, it is common practice to 
employ Class-A amplifiers to provide signal gain, and Class-AB, 
-B, or -C stages as modulators, mixers or detectors. On the other 
hand, where large amplitude signals are handled, as in power
output stages, Class-AB, -B, and -C stages are more popular. Class
AB and -B amplifiers are used in audio work, while Class-C circuits 
are encountered most often in radio-frequency equipment, in 
special types of control equipment and, occasionally, in test in
struments. For a given transistor, maximum-stage gain is generally 
obtained when the unit is operated as a Class-A or Class-AB am
plifier, while maximum power output is obtained with Class-B 
or -C operation. 

The efficiency of an amplifier stage is proportional to the ratio 
of the ouljJUt-signal (ac) power obtained to the infJUl (de) power 
required for operation. Since collector current flows continuously 
in a Class-A stage, even when no signal is being amplified, it re
quires de power at all times and, therefore, is the least efficient 
of the three amplifier classes. Circuit-efficiency increases as we 
go from Class-A to Class-C operation, hence the greater popularity 
of Class-AB, -B, and -C stages in circuits handling substantial 
amounts of power. Percentagewise, a perfect Class-A amplifier 
may approach 50% efficiency, while an ideal Class-C stage can have 
an efficiency from 95% to 99%. 

Unfortunately, single-ended stages operated as Class0 AB, -B, 
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or -C amplifiers introduce considerable distortion. Compare the 
input (sine-wave) and output-signal waveforms given in Fig. 404. 
As a result you will find that practical audio circuits use Class-AB 
or -B operation only in a push-pull arrangement. Here, one "half" 
of the stage amplifies the input signal's positive-going half-cycles, 
the other "half" the negative half-cycles. The two amplified sig
nals are recombined in the output load to form a perfect (distor-
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tion-free) output signal. In rf circuits or special amplifiers employ
ing a tuned load, any amplifier class may he used, for the resonant 
action ("flywheel" effect) of the tuned circuit tends to restore 
missing parts of the amplified signal. 

Interstage coupling 
Individual transistor stages are seldom used alone except in the 

simplest types of electronic equipment. In a Public-Address am
plifier, for example, two or three stages may he connected in series, 
or "cascaded," to provide signal gain. In turn, these are coupled 
to the power output stage which drives the loudspeaker(s) or other 
output devices. Several methods may he used for coupling the 
output signal of one transistor stage to the "input" of another, 
depending on the intended application of the circuit, types of tran
sistors used and similar factors. The four most popular interstage
coupling techniques are given in Figs. 405, 406, 407 and 408. 
Circuit polarities are for p-n-p transistors in the common-emitter 
configuration. 

Perhaps the simplest way to couple one transistor stage to an
other is to provide a direct-electrical connection from the "output" 
electrode of one to the "input" electrode of the succeeding stage. 
This type of direct-coupling is shown in Fig. 405. In operation, 
Vi's base-bias current is supplied through RI, acting in con
junction with the collector load R2. Resistor R2, then, serves both 
as VI 's collector load and as part of the base-bias network for V2, 
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forming a voltage-divider with V~'s base-emitter circuit. Finally, 
R3 serves as V~'s output load. 

Capable of handling de as well as ac signals, the direct-coupled 
circuit is simple, economical of parts and useful in many types of 
special-purpose equipment. It suffers from one serious disadvan
tage, however. Since the collector current for the first stage has a 

RI R2 R3 

C3 
~:,__---,--i~ 

OUTPUT 

R4 

L-------++--11111 
Bl 
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gain pos:,i/Jle when 11si11g a I ra11sfor111er as a 

ro11/1li11g ele111e11t. 

great influence on the base current of the second stage, all load 
and bias resistors have rather critical values. Often, the actual 
values of resistors used must be determined experimentally to 
match the sj1ecific transistors used in the circuit. Changing to other 
transistors, even of the same manufacturer's type, may cause un
desirable changes in circuit operation and performance. In addi
tion, this dependence of one stage on the next for its de operating 
parameters makes such circuits extremely sensitive to temperature 
variations unless special compensation techniques are used. 

If we are interested in amplifying only ac signals, we can avoid 
the difficulties encountered in direct-coupling by isolating one 
transistor stage from another as far as de is concerned. This situa
tion can be accomplished easily by providing each transistor with 
its own base-bias and output-load resistors as well as de-blocking 
(or ac coupling) capacitors between stages. 

A typical two-stage resistance-caf1acitance (R-C) coupled am
plifier is illustrated in Fig. 406. Here, capacitor Cl functions as 
the input and C3 as the output-coupling capacitors. Vi's base
bias is provided through R 1, while R3 serves a similar function 
for V2. First and second-stage-collector loads are R2 and R4, re
spectively. Finally, C2 couples the amplified signal appearing 
across R2 to V2's base electrode while, at the same time, blocking 
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the de voltage present on VI 's collector and preventing its appli
cation to the second stage. Thus, only the ac component of the 
amplified signal is transferred from one stage to the next. 

\Vhile both direct- and R-C-coupled circuits can give satisfac
tory performance in a variety of applications, neither permits the 
full potential gain of the transistors to be utilized. As you'll recall, 
the common-emitter circuit has a low to moderate input imped
ance and a high output impedance (Chapter 3). In order to 
achieve a maximum transfer of signal power from a source to a 
load, the source impedance must match that of the load. Where 
several stages are connected in cascade, one serves as a "source" 
for the next, with the stage following becoming the "load." Since 
there is no provision for matching the high output impedance of 
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Fig. 407. Tra11sfon11er-co11JJ/iug gives greater 
gai11. Higher cost of the tra11sfor111er is offset 
by eli111inating a tra11sistor, cou/1/ing ca/Hlcitor 

and bias resistors. 

one stage to the much lower impedance of the next, we will obtain 
a loss of efficiency in signal transfer, thereby reducing overall gain 
considerably. In addition, fairly large coupling capacitors must 
be used between stages in R-C circuits to prevent a serious loss of 
low-frequency signals. This condition occurs due to voltage di
vision between the capacitor's increasing impedance (at lower 
frequencies) and the effective-input impedance of the following 
stage. 

For maximum efficiency, then, we must use a coupling method 
which serves to match interstage impedances as well as to transfer 
the amplified signal. 

There is a readily available component suitable for matching 
circuit impedances ... the transformer. With transformer-coupling 
used between stages, a nearly perfect impedance match may be 
achieved. Such an arrangement is illustrated in Fig. 407. Here, 
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the turns ratio between transformer (T 1 and T2) primary and 
secondary windings is chosen to match the high-output impedance 
of VI to V2's moderate input impedance, and V2's output im
pedance, in turn, to the input impedance of a third stage or other 
load. Except for the type of collector load used, the circuit's basic 
operation is much like that of other common-emitter circuits. 
Vi's base-bias current is furnished by voltage divider Rl-R2, V2's 
by R3-R4. The transformers, of course, automatically proYide de 
isolation between stages. 

·when matching a high impedance to a lower one, as in our ex
ample, a stejJ-down turns ratio is used between primary and sec
ondary windings. In matching a common-emitter stage to an ex
tremely high-impedance load, such as a pair of crystal headphones, 
a stejJ-ujJ turns ratio would be used. 

Transformer-coupled amplifiers are used at both audio and 
radio frequencies. At audio frequencies (20 to 20,000 cps), small 
iron-core units are employed. At rf and if values (200 kc to I 00 
me, or more), air-core or powdered-iron (ferrite) core trans
formers may be used. \Vith low-power transistor types, typical 
primary impedances range from 2,500 to 20,000 ohms, while sec
ondary impedances are from 200 to 2,000 ohms, depending on 
intended application. 

A modified version of the transformer-coupled amplifier is 
shown in Fig. 408. Here, the ·two-winding transformers have 
been replaced by tapped inductive impedances ... coils Ll and 
L2. Acting as autotransformers, the coils serve both as collector 
loads and as impedance-matching devices. In practice, the ratio 
of the coil's overall impedance to the impedance between its out
put tap and "ground" (lower) terminals approximates the ratio 
between the primary and secondary impedances of a conventional 
interstage transformer. Since there is no provision for de isolation 
with impedance-coupling, blocking capacitors CI and C2 are added 
to the circuit. As before, voltage dividers Rl-R2 and R3-R4 pro
vide base bias for the first and second stages, respectively. 

In commercial electronic equipment, direct-coupled circuits are 
found in medical, industrial and military equipment. R-C cir
cuits are used at low signal levels in many types of subminiatnre 
equipment (such as Hearing Aids). Transformer and impedance
coupled circuits are found in audio amplifiers, radio receivers, 
transmitters, instruments and in similar types of equipment, as 
well as in circuits where high power levels are handled. The im
pedance ratios found in circuits using multi-watt power transis-
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tors are comparable to those used in low power circuits, but the 
actual irnj1edance values may /Je much lower. 

Complementary circuits 
In a vacuum tube, electron flow is from the cathode to plate 

and from the plate through the external circuit (plate load). If a 
negative-going signal is applied to its grid, plate current decreases, 
and similarly a positive-going signal increases plate current. In 
transistors, on the other hand, the direction of electron flow as 
well as the relative effects of positive and negative-going signals 
depend on the tyj1e of transistor. 

The operation of an n-p-n transistor in the common-emitter 
configuration, for example, is analogous to that of a vacuum tube. 
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Fig. 408. !111peda11ce coupli11g uses an i11d1Lctor 
(choke) i11 j>lace of R2 ill Fig. -106. Here the choke 
is tapped to provide a high impeda11ce to the col
lector of VI and a lower value to the base of V2. The 
tapped choke alw has 1111 autotra11sformer effect a11d 
could l>e considered a form of transformer coupling. 

As far as the external circuit is concerned, electron flow is from 
emitter to collector, and from collector through the external load. 
As in a vacuum tube, a negative-going signal applied to the base 
electrode will cause a decrease in collector current, while a posi
tive-going signal will cause an increase in collector current. 

When the operation of a p-n-p transistor is considered, how
ever, the situation is reversed. That is, electron flow, as far as the 
external circuit is concerned, is from collector to emitter. A nega
tive-going input signal causes an increase and a positive-going 
signal a decrease in collector current. Thus, the operation of a 
p-n-p transistor, for practical purposes, is just the opposite ... or 
the complement ... of that of n-p-n types. This complementary 
correspondence between two basic types of transistors is unique 
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and has no analogy in vacuum-tube circuitry. It may be used as a 
foundation for a whole class of practical transistor circuits for 
which there is no parallel in vacuum-tube work. Typical comple
mentary circuits are illustrated in Figs. 409 and 410. 

Em ploying common-emitter configurations, the two-stage cas
caded amplifier shown in Fig. 409 utilizes the complementary 
properties of n-p-n and p-n-p types to achieve direct-coupling be
tween stages. Here, Cl serves as an input-coupling capacitor and 
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Fig. 409. Co111ple111entary circuits have 110 direct 
vacuum-tube circuit equivalent. (This would require 
a tu/Je which emitted electrons fro111 its plate and 
attracted the111 with its cathode, using a positive 
value of bias for control.) Co111ple111entary transistor 

circuits are an easy method of direct coujJli11g. 

first stage bias is furnished by voltage divider Rl-R2. The base
emitter circuit of the second stage serves as the first stage's col
lector load, with the p-n-p transistor's collector-current becoming 
the base-bias current for the n-p-n unit. Finally, R3 is the second 
stage's collector load and C2 the output coupling capacitor. 

In operation, a negative-going signal applied through Cl will 
cause an increase in the p-n-p's base current. This, in turn, brings 
about a corresponding, but much greater, increase in the p-n-p's 
collector current and in the base bias applied to the n-p-n stage. 
An increase in the second stage's base current results in an am
plified increase in its collector current, developing a negative
going output signal across its load, R3. In each case, the ratio of 
collector current increase to input base-current increase is pro
portional to stage gain. 

Similarly, a positive-going signal applied to the input, causes a 
decrease in p-n-p base current, a decrease in its collector current 
and hence in the n-p-n's base current, and a decrease in collector 
current through R3, thus developing a positive-going output signal. 

This amplifier, then, uses a minimum of components, has high 
gain, excellent low frequency response (since there is no inter-
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stage-coupling capacitor), and provides an output signal that is 
in phase with its input signal. 

Another interesting circuit which utilizes the complementary 
properties of p-n-p and n-p-n types is shown in Fig. 410. Some
times called a "single-ended push-pull" amplifier, this circuit re
quires only a single input signal, does not need a center-tapped 
output load (as in a conventional push-pull stage), will provide 
true push-pull amplification and is capable of comparatively high
power output and high efficiencies. 

Referring to the diagram, p-n-p-base bias is furnished by RI in 
conjunction with current-limiting resistor R5 and emitter re
sistor R3. Similarly, n-p-n-base bias is supplied by R2 in conjunc
tion with R4 and R6. The two emitter resistors tend to stabilize 
and balance circuit operation. The output load, which may be a 
resistor, transformery primary, or loudspeaker-voice coil, is con-

Fig. 410. This complementar)' 
symmetry circuit is a push-pull 
arrangement. It needs no trans
formers. This circuit is seldom 
used for audio since it is not 
usual/)' economically practical to 
get a low-enough output im
pedance or high-enough load 
(speaker) impedance. This cir
cuit does have uses in other 

deuices. 
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nected between the junction of the emitter resistors (R3 and R4) 
and the split-power supply, Bl and B2. The input signal is ap
plied through de-blocking capacitors Cl and C2 to both transistors 
simultaneously. 

Under zero-signal conditions, the collector currents of the n-p-n 
and p-n-p transistors are equal and thus cancel. Electron flow is 
from the minus terminal of Bl, through R5, from collector (C) 
to emitter (E) of the p-n-p transistor, through R3, through R4, 
from E to C of the n-p-n unit, through R6, and back to the posi
tive terminal of B2. B2's negative terminal is connected directly 
to Bl 's positive terminal, completing the circuit. There is no de 
through the load. 

If a negative-going signal is applied through Cl and C2, the 
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p-n-p's collector current increases and the n-p-n's current de
creases. Since the two currents are no longer equal, they can
not cancel, and the net difference current Hows through the 
load. Electron ttow in the difference-current path is from Bl 's 
negative terminal, through R5, from C to E of the p-n-p transistor, 
through R3, through the load, and back to B 1 's positive terminal. 
Electron flow, in this case, is from left to right through the load. 

Suppose, now, that a positive-going signal is applied to the stage. 
The p-n-p's collector current decreases and the n-p-n's current in
creases. Again, the two currents are no longer equal and cannot 
cancel, leaving a net difference current to ttow through the load. 
In this case, electron flow is from B2's negative terminal, through 
the load, through R4, from E to C of the n-p-n unit, through R6, 
and back to B2's positive terminal. Electron flow is from right to 
left through the load. 

In conclusion, there is no current through the load under zero
signal (steady-state) conditions. \Vhen the p-n-p transistor's cur
rent is greater than that of the n-p-n unit, the difference current 
flows in one direction through the load. Conversely, when the 
n-p-n's collector current is greater than that of the p-n-p unit, 
the difference current Hows in the opposite direction through the 
load. Since the electron flow through the load is first in one direc
tion and then in the other on alternate half-cycles of the applied 
signal, a true ac output signal is developed. 

Obviously, proper operation of the complementary single-ended 
push-pull amplifier requires that the two transistors (p-n-p and 
n-p-n) have virtually identical ac and de characteristics, with the 
exception of polarity. In other words, the two units must be per
fectly symmetrical. Because of this, push-pull circuits employing 
the complementary principle are often termed comj1lementary
syrnmetry arrangements. 

OSCILLATORS 
Used to develop an alternating-current (ac) signal when pow

ered by a de (battery, for example) source, oscillators are en
countered in transistorized-radio transmitters, receivers, TV sets, 
signal generators, alarm circuits, power converters, measuring in
struments and in other electronic equipment. The signals de
livered by practical oscillators may have a variety of wave-forms, 
ranging from sine-wave to pulse and square-wave shapes, depend
ing on individual applications. Operating frequencies may be 
from a few cycles per second to hundreds of megacycles. 
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An oscillator is an amplifier with its output circuit coupled back 
to its input in such a way that any signal reinforces itself. Thus, 
any change in circuit currents (or voltages) is reamplified time 
and again, generating an ac signal. The basic prerequisites for an 
oscillator are: (I) an amplifier capable of supplying sufficient gain 
to overcome circuit and feedback losses, (2) a circuit for coupling 
the amplifier's "output" signal back to its input in such a way 
that the input signal is in phase with the output signal, and (:~) 
some means of controlling the periodic rate (frequency) at which 
the circuit operates. There are many ways to accomplish these 
three jobs and, hence, many different types of oscillators. In most 
cases, however, the differences between oscillators fall into two 
categories . . . (a) the exact method used to obtain a feedback 
signal, and (b) the means used to control frequency of operation. 

Although the majority of transistor oscillators are simply tran
sistorized versions of older vacuum-tube arrangements, there are 
several important differences between the transistor and tube cir
cuits. Most vacuum-tube oscillators, for example, operate as Class 
C amplifiers and develop their own grid-bias voltage. Common 
transistor oscillators, on the other hand, are generally Class A or 
Class AB amplifiers operating with a fixed base-bias current. In 
addition, typical vacuum-tube circuits have high input and out
put impedances. Since there is usually a significant difference be
tween the input and output impedances of a transistor amplifier, 
the feedback arrangement chosen must take these into account 
to prevent excessive losses. 

Any of the three basic amplifier configurations may be used 
as an oscillator, provided suitable means are employed for ob
taining the feedback signal, for overcoming circuit losses, and for 
controlling the frequency of oscillation. In the common-collect01 
circuit, for example, the feedback circuit must convert a current 
gain into voltage gain and must match a low output to a high 
input impedance. Where the common-base circuit is used, imped
ance matching becomes a real problem, due to the wide differences 
between this circuit's input and output impedances. Still another 
problem is encountered where the common-emitter configuration 
is employed ... that of converting the out-of-phase "output" sig
nal to an in-phase feedback signal. As you will recall (Chapter ;~), 
the input and output signals are in-phase in the common-base and 
common-collector arrangements, but out-of-phase in the common
emitter configuration. However, the common-emitter's high gain 
makes it most attractive for this type of application and it is, per-
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haps, the most popular of the three configurations in practical use. 

The "tickler feedback" oscillator 
Using a p-n-p transistor in the common-emitter configuration, 

the oscillator circuit shown in Fig. 411 employs a two-winding 
transformer, Tl, to provide the feedback signal needed to start 
and sustain oscillation. Base bias is supplied by voltage divider 
RI-R2, by-passed by Cl. The transformer's primary winding, LI, 
serves as a collector load and its secondary, L2, as a feedback coil. 
Since L2 is used to "tickle" the circuit into operation, it is appro
priately called the tickler-feedback coil. In practice, the LI /L2-
turns ratio is chosen to match the high collector impedance to the 
moderate base impedance, while the coil connections are chosen 
to invert the feedback signal, giving it the proper in-phase rela
tionship. The circuit's operating frequency is determined by a 
resonant circuit made up of primary winding· LI and its dis
tributed capacities, Cd (shown dotted). In some applications an 
external capacitor may be connected across the transformer to 
tune the oscillator to a specific frequency. 

In operation, base-bias current can flow when power is first ap
plied to the circuit, with the amount determined by the ratio of 
RI and R2. This, in turn, permits a flow of collector current 
through LI, setting up magnetic-Aux linkages which when cou
pling with L2, induce a feedback-signal voltage that is applied to 
the transistor's base-emitter circuit. If we consider that the by-pass 
capacitor Cl is virtually a short-circuit as far as ac is concerned, 
we can see that L2 is essentially between the base and emitter 
electrodes. 

Thus, changes in the transistor's collector current develop a 
signal voltage in resonant circuit LI-Cd. This signal, in turn, is 
coupled to L2 and fed back to the transistor's "input" (base) cir
cuit in such a way as to reinforce the signal developed across LI
Cd. This action continues as long as power is supplied to the cir
cuit, developing an ac signal at LI-Cd's resonant frequency. 

Tickler-feedback oscillators can be used at audio and radio 
frequencies, depending on the choice of transistors and on the 
values of LI, L2, and other components. For proper operation, 
however, it is essential that the signal furnished by L2 to the base
emitter circuit be in phase with the signal developed across the 
collector load (LI-Cd). In practical circuits, the proper connec
tions to L2 can be determined experimentally-if the circuit fails 
to oscillate, for example, the connections to the feedback coil (L2) 
are reversed. 
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Other oscillators 
As discussed earlier, practical oscillators may be developed using 

any of a variety of feedback techniques. For example, the trans
former arrangement used in the tickler-feedback oscillator may 
be replaced with a tapped-inductance or coil, much in the same 
way that a tapped coil can be used in place of a transformer for 
interstage coupling. One version of such a circuit is often termed 
a Hartley oscillator after the inventor of a vacuum tube oscillator 
using a tapped coil for feedback. In a similar fashion, feedback 
may be provided by capacitor networks or combinations of capaci
tors, coils or resistors. \Vhere precise frequency control is needed, 

Fig. 411. A basic transistor 
oscillator circuit using a trans
former (Tl) for i111f1edance 

111atchi11g and feedback. 

R2 Cl 

RI 

Tl 

= Bl 
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a piezo-electric quartz crystal may be incorporated into the feed
back circuit. Such a crystal is electrically equivalent to a high 
"Q"-tuned circuit (see discussion of coils in Chapter 2). 

Almost any of the basic-oscillator circuits may be operated a, a 
blocking oscillator if the feedback signal amplitude is increased 
sufficiently and if the base-bias current is reduced to the point 
where the stage approaches Class AB or Class B operation. For 
exam pie, the circuit shown in Fig. 411 could be converted to 
blocking-oscillator operation by increasing the number of turns 
on L2's winding, removing R2, and increasing the values of 
RI and Cl. 

With these changes, the negative-going signal delivered by L2 
to the base electrode on alternate half-cycles may be of much 
greater amplitude than the transistor's normal base bias, charging 
Cl to a value exceeding Bi's supply voltage. Once charged in this 
way, the voltage applied by Cl will place a reverse bias on the 
base-emitter junction, thus biasing it in its high resistance (or 
non-conducting) direction. \Vith such a bias on the transistor, CI 
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can discharge only through R 1 or the high resistance base-emitter 
junction. At the same time, the transistor's collector current is 
cut off and the transistor stops operating as an oscillator. The cir
cuit remains in its non-oscillatory condition until C 1 discharges 
sufficiently for normal base bias to reassume control. Thus, the 
oscillator operates only in short bursts (until Cl is charged) and 
is "blocked" the rest of the time, hence its name. The basic fre
quency of a blocking oscillator is determined by the L-C resonant 
circuit (Ll-Cd), while its blocking rate is determined by the cir
cuit's R-C time constant (Rl-Cl in our example). 

Depending on the type of transistor and circuit parameters used, 
blocking oscillators can supply pulses, saw-tooth signals, and other 
special waveforms, at audio, ultrasonic or radio frequencies. Such 
circuits are used extensively in TV and Radar equipment, in com
puters, instruments and in many types of military and industrial 
control devices. 

The multivibrator 
From our discussion of the common-emitter configuration in 

Chapter 3, we found that the output signal of such a stage is 180° 
out-of-phase with respect to its input. If two common-emitter 
stages are connected in cascade, there is an additional 180° phase
shift in the second stage, or a total shift of 360° from the input 
of the first to the output of the second stage. \Vith a %0° (full 
cycle) phase shift, the amplified signal is in-j1hase with the original 
signal. From this, we can conclude that a two-stage R-C-coupled 
amplifier will oscillate if its "output" is coupled back to its "in
put." Such is indeed the case, and an oscillator employing this 
principle is illustrated in Fig. 412. 

Referring to the schematic diagram, two p-n-p common-emitter 
stages are connected in cascade, with the output of the second 
stage (V2) coupled back through Cl to the "input" of the first 
(Vl ). In effect, the two stages are cross-coujJled, for Vl 's collector 

is coupled to V2's base through C2, and V2's collector is coupled 
to Vl 's base through Cl. Vl 's base bias is furnished through Rl, 
and V2's through R3. R2 and R4 serve as collector-load resistors 
for the first and second stages, respectively. Operating power for 
the entire circuit is furnished by B 1. 

Since there are no L-C-tuned circuits involved in this type of 
oscillator, the circuit's repetition rate (frequency) is determined 
primarily by the R-C time constants. To understand how this can 
happen, let us consider circuit operation ... 

\Vhen power is first applied, bias current is supplied to both 
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transistors simultaneously. Since there are always minor differ
ences in the conduction characteristics of transistors, even of the 
same type, one or the other of the two will start conducting first. 
For purposes of discussion, let us say it is V2. \Vhen V2 starts con
ducting, its collector current, through R4, will cause a voltage 
drop, thereby developing a j,ositive-going signal. This signal, trans
ferred through Cl to VI 's base, tends to reduce VI 's collector cur
rent. \Vith the current through R2 (VI 's collector load) reduced, 

VI 

RI 

Cl 
V2 

R2 R3 

L-..-----+-1+ 1111 
BJ 

Fig. 412. Circuit of a transistor 111ulti-
11ilnator. The .1clum1atic i.l esse11tiall\' 
that of a two-.1/age a111JJ/ifier 11•iti1 
cafJacitii,e feedback l>el11•ee11 its i11Jmt 

a11d out/mt circuits. 

R4 

there is less voltage drop across this resistor, and a negative-going 
signal is developed. VI 's output signal, then, transferred through 
C2 to V2's base, increases V2's collector current still more and 
further increases the positive-going signal developed across R4 
and delivered back to VI 's base. 

As this action takes place, C2 is charged through R2 and V2's 
base-emitter resistance. \Vhen C2 is fully charged, its voltage is 
essentially the same as that of RI and it can no longer deliver a 
negative-going signal to V2's base. With no applied signal to con
tinue the increase in V2's collector current, there is no longer a 
positive-going signal developed across R4 and hence no signal de
livered to VI 's base. When this occurs, VI 's collector current starts 
to increase, developing a positive-going signal across R2. This 
signal is transferred to the base of V2 as C2 discharges. 

Of course, when a positive-going signal is delivered to V2's base, 
its collector current (now at a maximum) is reduced, thereby de
veloping a negative-going signal across R4. This new signal, 
coupled through Cl back to VI 's base, causes VI 's collector current 
to increase further. 
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Thus, the conduction characteristics of VI and V2 have been 
reversed and Cl can now charge through R4 and VI 's base-emitter 
resistance. \Vhile CI is charged through this path, C2 is being dis
charged through V l's collector-emitter resistance and through R;I. 
This action continues until CI is charged and C2 discharged, at 
which point the action once again reverses and the original con
ditions are reestablished. 

In summary, C2 charges through R2 and V2's base-emitter re
sistance. It is, in turn, discharged through VI 's collector-emitter 
circuit and through R'.3. Feedback capacitor Cl is charged on al
ternate half-cycles through R4 and VI 's base-emitter resistance, 
and is discharged through V2's collector-emitter circuit and 
through RI. 

The waveform of the signal developed is shaped by the charge 
and discharge curves of the R-C networks involved and, hence, 
does not have the sine-wave characteristics of signals developed 
by L-C oscillators. It is, instead, a complex pulse-like waveform 
which is very rich in harmonics. For this reason, this general type 
of circuit is called a nlllltivibrator. Depending on the choice of 
transistor types and circuit parameters, multivibrators can deliver 
a variety of signal waveforms over a broad range of frequencies. 
Commercially, such circuits are used in computers, TV and radar 
equipment and in many types of electronic instruments and con
trol devices. 

TIME TERMS 
In Rodgers and Hammerstein's famous musical, The King and 

I, the King of Siam sings a philosophical little song entitled "A 
Puzzlement." The King wonders about the ways of the world, and 
particularly some of the customs of the British, who are, to him 
at least, strange and illogical. 

\Vhen dealing with electronic circuits, we encounter expressions 
involving time quite frequently. These are often "a puzzlement"
not just to newcomers, but to more advanced workers as well. \Ve 
speak of the transit time of current carriers (holes move slower 
than electrons), the time-constant of R-C circuits, the timing of 
pulse generators, the time-base of graphs or waveforms and so on. 

Now time itself, although intangible, is certainly neither strange 
nor unusual. \Ve all use time measuring devices ... clocks, watches, 
and calendars ... in our everyday activity, and frequently schedule 
our affairs according to time intervals ... "see you at eight," ... 
"we'll eat at six," ... "it's a date for Thursday." Our timing pe-
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riods are well known ... centuries, decades, years, months, weeks, 
days, hours, minutes, and seconds. Where accurate measurements 
are needed, as when timing athletic events, we may deal with 
tenths or even hundredths of a second. 

If we consider time, as Einstein did, but another dimension, 
then the chief difference between time as we normally think of it 
and "time" in the electronics sense lies in the intervals used for 
measurement. An hour is a rather large unit if we need measure
ments accurate to a tenth of a second. By the same token, a tenth 
... or even a hundredth ... of a second may be too large a unit 
for measuring certain types of electronic phenomena. For ex
ample, suppose we consider a signal of 1,000 cps (l kilocycle or 
1 kc). This is not a very high frequency, even as audio signals 
go ... yet the time required for one full cycle is only a thousandth 
of a second. If we want to determine the instantaneous amplitude 
of the signal at some point during its cycle, we must deal with 
even smaller units. Going a step further, the time required for 
one cycle of a 1,000,000 cps signal ( 1 megacycle or 1 me) is but 
a millionth of a second, and for a 1,000 me signal, but a thou
sandth-millionth of a second! By comparison, a wink of the eye 
would take ages. 

The more common terms used to express time intervals in elec-
tronic circuits are ... 

Millisecond-thousandth of a second. 
Microsecond-millionth of a second. 
M illimicrosecond-thousandth-millionth of a second. 

Time constant 
In our discussion of blocking oscillators and of multivibrators, 

we mentioned the term "R-C time constant." This is a familiar 
expression and is used frequently when dealing with electronic 
circuits. It indicates the product of the resistance of the circuit in 
ohms and its capacity in farads (or ohms in megohms and capacity 
in microfarads) and is the time required, in seconds, for the ca
pacitor to charge to 63% of its final voltage when a de voltage is 
applied to the circuit ... or conversely, to discharge to 37% of its 
original voltage when the capacitor is discharged through the 
resistance. 

Consider the simple series circuit shown in Fig. 413-a. It con
sists of a source of de voltage (B 1 ), a SPST switch (SW), a fixed 
resistor (R), and a capacitor (C). A voltmeter is connected to 
measure the de voltage across the capacitor. 
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With the switch open, we'll assume that C is discharged and 
V measures zero volts. When the switch is closed, the capacitor 
starts to charge through the resistance. It doesn't reach full charge 
immediately, however, for it takes a certain length of time for 
the electrons to travel through the circuit and accumulate upon 
the capacitor's lower plate. Checking our voltmeter constantly, 
we can plot the capacitor's voltage (representing its charge) 

r R 
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a 

Fig. 413. Measuring the si111ple R-C 
circuit (a) to get the charging curve 
(b) is not usually practical. An infinite 
impedance voltmeter is required to 
prevent its current drain fro111 affect-
ing the charging curve. A 11ery high 
value of resistance and capacitance 
would be needed to "ti111e" the charg-

ing rate. 
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against time intervals. The resulting graph would look similar 
to that given in Fig. 413-b. The time required for the capacitor's 
voltage to reach 63% of the battery's voltage is the circuit's R-C 
time constant, and equals the product of R's value in megohms 
by C's value in µ.f. In practical circuits, the time constant is often 
a tiny fraction of a second. 

If we waited until the capacitor reached its full charge, then 
opened SW and connected R across C to discharge it, C's voltage 
would drop gradually, following a curve almost identical to its 
charge curve, but inverted. The time required for the capacitor 
to discharge to 37% of its original voltage under these conditions 
also equals the circuit's time constant. 

The charge and discharge characteristics of R-C circuits are 
utilized quite frequently in special purpose oscillators (such as 
multivibrators), in filters and for modifying waveforms. Oscil
lators which depend on the discharge of an R-C circuit for their 
operation are sometimes called relaxation oscillators. A very simple 
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form of relaxation oscillator may be assembled by connecting an 
appropriate Zener diode (see Chapter 3) in place of the voltmeter 
in the circuit shown. 

Rise time 
There is another "time" expression which occasionally causes 

a scratching of heads ... rise time. It is encountered most often 

Fig. 414. Circuits like this and that of 
Fig. 413 are usually measured with 
more sophisticated devices than volt-
111eters. A typical method is with an 
oscilloscope. A camera can be used to 
record the rapid action and 111easure-

111e11ts made 011 the photograph. 
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when dealing with circuits handling square-waves, pulses, and 
other step-like functions. This term can be explained quite easily 
if we refer to Fig. 414. 

Another simple-series circuit is shown in Fig. 414-a. It is quite 
similar to the one we used in discussing time constant, but with 
the capacitor omitted and the voltmeter (V) connected across 
our resistor (RI). 

Suppose we had a stop-watch accurate to a millimicrosecond 
and could read the voltmeter at such short intervals. \Ve close the 
switch and measure the instantaneous voltage across RI. We would 
find that a definite period of time is required for the voltage across 
RI to equal battery voltage. This period will depend on such 
things as circuit-distributed capacities, lead inductances and so on. 
If we plotted RI 's voltage against time, our curve might look some
thing like that given in Fig. 414-b. Such a curve, of course, is a 
step function. 

By definition, then, rise time is the time required for a step 
function (such as a square-wave or pulse) to go from 10% to 90% 
of its peak value. In practice, rise time is generally given in milli
seconds, microseconds or, in high frequency circuits, in milli
m icroseconds. 
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CDAPTER5 

Dow Transistors are Made or ~ 
Growing Crystals 
Without a Garden 

An oft-quoted and very ancient recipe for rabbit stew ad
monishes the reader to, "First, catch a rabbit." 

Good advice for its day, this basic instruction may be a little hard 
to follow in our modern world of sprawling suburbs, paved super
highways, canned and frozen food and pre-cooked dinners. Not 
only are rabbits somewhat scarce-at least in their natural state
there's a good chance that 99 persons out of 100 wouldn't know 
how to catch a rabbit. 

Although the march of technology has made obsolete the first 
part of our time-honored recipe, its basic philosophy is as true to
day as it was when Daniel Boone blazed a trail through the wilder
ness. To make anything-be it rabbit stew, an office building, an 
automobile, a dish, a telephone, a pistol, a radio receiver or a 
toothpick-you must start with proper basic ingredients. The 
ingredients needed will vary with your intended product and with 
the stage at which you start your manufacturing or assembly pro
cess. To make steel, for example, you start with pig iron. The pig 
iron itself, however, is a "manufactured" product which, in turn, 
is extracted from a basic raw material mined in mineral form
iron ore. In like fashion, a radio receiever is assembled from such 
basic ingredients (or components) as capacitors, coils, resistors, 
tubes or transistors, copper wire, and so on, with each of these 
products manufactured from more basic. materials. 
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The "heart" of the transistor, the crystal diode, and related 
devices, as we have in Chapter 3, is a small multi-layered crystal of 
semiconductor material and, like the rabbit in our rabbit stew, is 
the one essential ingredient in device operation. This small crystal 
is mounted on a metal, ceramic or glass base called the header 
and covered with an outer case of copper, steel, plastic or glass, 
depending on intended application and upon the preferences of 
individual manufacturers. Electrode leads or pin connections gen
erally are made of copper-alloy wire, plated with tin, solder, silver 
or gold. Often, a plastic "potting" compound is used to fill empty 
spaces within the case to cushion against shock and seal against 
possible contaminants. However, the case, header, leads, potting 
and other parts of a practical commercial unit are important only 
in a supplementary way, for the semiconductor crystal is actually 
the heart of the transistor (diode, etc.). 

Basic transistor construction 
Knowing the basic ingredient needed to make a transistor, we 

can follow the sage advice given in our ancient recipe and, first, 
catch a semiconductor. Semiconductor elements are materials 
which lie between the metals and the insulators in their ability 
to conduct electricity. They are found in column IV of the peri
odic table of chemical elements. Included in this group are the 
elements carbon (C), silicon (Si), titanium (Ti), germanium (Ge), 
zirconium (Zr), tin (Sn), hafnium (Hf) and lead (Pb). All these 
elements have four electrons in the outer shell of their atoms and 
hence have a valence of 4. 

In crystalline form, pure germanium and silicon are electrically 
neutral and relatively poor conductors. Each atom shares its four 
valence electrons with four neighboring atoms, and there are no 
free electrons left over to "carry" an electric current. If sufficient 
energy is added to the crystal (by heating, for example), the 
atoms will start to vibrate. Under these conditions, an electron 
occasionally can acquire enough energy to break its valence bonds 
and to move freely through the crystal. When this happens, of 
course, the broken bond is left unsatisfied and will readily accept 
nearby free electrons. In effect, the resulting crystal acts as if it 
has a particle the size and mass of an electron, but with a positive 
charge. 

As you will recall from our discussion in Chaper 3, the absence 
of an electron in the molecular structure is called, for convenience, 
a hole. This hole can, in itself, serve as a current carrier as it mi
grates from one atom to another through the material. Thus, add-
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ing energy to a crystalline semiconductor can change it from a 
relatively poor conductor (insulator) to a fairly good conductor, 
for the excess energy creates pairs of holes and electrons which 
can serve as current carriers. 

Our discussion in Chapter 3 also covered, rather briefly, the 
formation of p-type and n-type semiconductors by adding various 
"impurity" elements to the basic semiconductor material. The 
p-type semiconductors were formed by adding acceptor elements 
from column III of the periodic table, and n-type semicon
ductors by adding donor elements from column V to our intrinsic 
(column IV) or "pure" semiconductors. A p-type semiconductor 
has an excess or surplus of holes and these are the predominant 
current carriers. In similar fashion, free electrons are the dominant 
current carriers in n-type semiconductors. 

Atoms of elements found in column III of the periodic table 
have three electrons in their outer shell and hence a valence of 3. 
Included in this group are boron (B), aluminum (Al), scan
dium (Sc), gallium (Ga), yttrium (Y), indium (In), lanthanum 
(La), thallium (Tl) and actinium (Ac). Of these, boron, alumi
num, gallium and indium generally are used as acceptor elements 
in commercial transistor production. In contrast, atoms of ele
ments in column V of the periodic table have five e,lectrons in 
their outer shell and a valence of 5. Included here are nitrogen (N), 
phosphorus (P), vanadium (V), arsenic (As), nobium (Nb), an
timony (Sb), tantalum (Ta) and bismuth (Bi). Of these, phos
phorus, arsenic and antimony are used commercially as donor 
elements. 

Let us consider a crystalline structure made up of atoms with a 
valence of 4 (germanium or silicon). As we have seen, such a 
crystal is neutral electrically, for all the electrons are held in 
covalent bonds. If we replace one of the atoms in the crystal with 
an atom having a valence of 3 (such as aluminum), the resulting 
crystal is not "complete"-in that one valence bond is left unsatis
fied. The structure has a positive hole and will readily accept nearby 
negative electrons. It is in this fashion that our p-type semicon
ductor is formed. 

On the other hand, if our valence 4 atom is replaced with a 
valence 5 atom (such as arsenic), only four of the electrons are 
needed to complete the crystalline structure, and thus the fifth 
electron becomes "free" to serve as a current carrier. Our crystal 
then becomes an n-type semiconductor. 

Basically, all semiconductor devices are multilayer units of al-
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ternating p- and n-type materials, forming one or more p-n junc
tions. In a triode transistor, there are two essentially parallel 
junctions. All transistor construction techniques, then (as we 
shall see later, there are many) have as their final goal the forma
tion of these two parallel p-n junctions as close together as is 
practicable and with accurately controlled characteristics. 

Transistor manufacturers must rely on the skills and knowledge 
of many branches of science and engineering. For example, skilled 
mechanical engineers and machine designers are called on to 
create the intricate machinery needed to handle and process the 
microminiature semiconductor components. Transistor design it
self is the responsibility of the solid-state physicist. Using the 
mathematics of atomic physics to develop his basic designs, the 
physicist calls on the metallurgist and the physical chemist to 
supply necessary data concerning semiconductor alloys and crystal 
characteristics. Often, chemists are called on to help work out 
production details and to organize and supervise any processes 
involving chemical reactions. Electronic engineers get into the 
act, too, for they work out circuit applications; as a result, they 
are expected to set basic electrical specifications for the types of 
transistors and other semiconductor products needed in their 
equipment designs. 

The basic steps in manufacturing a transistor include: (a) ob
taining a suitable semiconductor material, (b) changing the mate
rial into crystalline form, (c) cutting and shaping the crystal into 
final size, (d) forming a pair of parallel, closely spaced p-n junc
tions within the crystal, (e) attaching electrode leads, (f) testing 
the partially assembled unit, (g) assembling the transistor into 
its case, potting (or encapsulating) and attaching external leads or 
pins, (h) sorting, branding and final tests. Depending on exact 
manufacturing techniques, some of these steps may be combined 
or additional substeps added. In general, however, the chief differ
ences between techniques is found in step (d), the exact method 
used to form the two p-n junctions which form the heart of the 
transistor. Let us follow through a typical manufacturing process 
step by step. 

Growing crystals 
Our first step, of course, is to obtain a suitable semiconductor 

material. As we have discovered, the most popular materials in 
current use are germanium and silicon. To be useful in transistor 
manufacture, the semiconductor must be extremely pure. This is 
essential if we are to maintain an accurate control over character-
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istics by "doping" with our own impurity (acceptor and donor) 
elements. Typically, the undesired impurity concentration in 
transistor-grade semiconductor material may range from 1 part 
in 1,000 to as little as 1 part in 100,000,000,000. 

Germanium, one of our basic raw materials, may be obtained 
from a number of sources, including flue dusts from zinc smelters 
and ashes from certain types of coal. Silicon is more plentiful, for 

10· THERMOCOUPLE 

Fig. 501. Diagrammatic cross
sectional view of a crystal grow
ing furnace. The first step in 
the manufacture of transistors 
and diodes is to obtain a large 
ingot-like crystal of semiconduc
tor material . . • usually ger-

manium or silicon. 

6· SINGLE CRYSTAL 
!!·MOLTEN METAL 
4-0UARTZ TUBE 

2•HEATER 
I· INSULATION 

almost all rock and sand have silicon as one of their primary ele
ments. Regardless of the original source of the raw material the 
semiconductor element is taken through a multistage refining 
and purification process which involves both chemical reactions 
and metallurgical techniques, resulting in ingots or bars of rela
tively "pure" metal. 

The last stage in the purification of semiconductor materials is 
generally a technique called zone refining. This method utilizes 
an interesting characteristic of the metallic elements: most im
purities are more soluble in the metal when in its liquid state. 
In practice, then, a narrow molten zone is made to travel along 
the length of a semiconductor bar. Higher-purity metal "freezes" 
behind the molten area, with the impurities tending to concen-
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trate in the molten zone until the end of the bar is reached. This 
process can be repeated over and over until the desired degree 
of purity is obtained, with the "impure tip finally cut off. The 
heating used to produce a narrow molten zone in the metal is 
generally accomplished by induction coils carrying rf energy. 
These circle the metal bar and, by induction, generate circulating 
eddy currents in the metal, causing it to heat until the metal 
melts. Depending on technique, the narrow coils may be moved 

Fig. 502. Close-up view of the furnace 
shown in Fig. 501. The induction coil 
and growing crystal of germanium 

are clearly visible. 

the length of the bar, or the bar itself can be moved through 
fixed-position coils. 

Once the refining and purification process is completed, the 
next step is to form or "grow" a single large crystal of the mate
rial, doping it with precise amounts of the acceptor or donor 
elements to give it the desired p- or n-type characteristics. One 
of the basic methods used for this process is shown schematically 
in Fig. 501, while a detailed view of the actual heating coils is 
given in Fig. 502. 

Referring to Fig. 501, the equipment used includes a quartz 
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tube (4) to exclude atmospheric gases, a graphite crucible (3), 
heating coils (2), a motor-operated pull rod (9) to which is at
tached a clamplike holder (8) for a "seed" crystal (7). Tempera
ture is checked accurately by a thermocouple (10). Special pro
vision is made for filling the quartz tube with an inert gas through 
gas inlet (11 ), thus preventing possible contamination by air
borne impurities. 

In operation, the semiconductor metal (5) is melted in its 
crucible by rf induction. Coils (2) surrounding the crucible are 
fed with high-frequency electrical energy; the resulting electro-

Fig. 503. A large single cry•stal of semiconductor 
material is shown in the background. "Discs" sliced 
from such a crystal are shown to the left, and an 
assembled transistor is in the left foreground. The 
pile of tiity rods in the right foreground are un
assembled transistors . . . short pieces of semi-

conductor! 

magnetic field develops eddy currents in the semiconductor which, 
in turn, heat it to the melting point. The molten metal is main
tained within a few degrees of its melting point. At the proper 
time, the pull rod (9) is lowered into the pool of molten metal 
and gradually withdrawn. A small piece of crystal is clamped on 
the end of the pull rod, and this serves as a "seed" on which a 
larger crystal is grown. The large single crystal has the same molec
ular pattern (orientation) as the seed crystal used. The molten 
semiconductor may be doped with acceptor or donor impurities 
as desired to develop either a p- or n-type crystal. The crystal grow
ing process continues until all the molten metal is used, with the 
resulting crystal assuming a long torpedo-shaped form (Fig. 503). 
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Cutting and shaping 
In the next manufacturing step, the ingotlike crystal is sliced 

into thin, waferlike discs, using diamond-tipped power-driven 
saws. These discs may be from a few thousandths to a few tenths 
of an inch thick, depending on the type of transistors being pro
duced. In any case, the disc thickness must be kept to accurate 
tolerances. Typical discs are shown in Fig. 503, while a diamond 
"crystal slicing" machine is illustrated in Fig. 504. 

The sliced discs, in turn, are cut into still smaller sections, again 
using diamond-tipped saws. Each disc may be diced into dozens, or 
even hundreds, of rectagular wafers or bars, each one not much 
larger than the tip of a pencil. These extremely small bits of semi
conductor crystal, with further processing, will become the 
"hearts" of our final transistors. 

Alloying and assembly 
At this point, we must identify the general type of transistor we 

are producing, for production techniques differ widely after the 

Fig. 504. Slici11g discs from a crystal of ger
manium. A special diamond-tipped saw blade 
is used. Disc thickness must be accurate to 

a minute fraction of an inch. 

basic crystal is grown, cut into waferlike discs and finally diced 
into small wafers or bars. For the moment, we will assume that 
our goal is an alloyed-junction p-n-p transistor, and that our basic 
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crystal, during its growing process, was doped with donor im
purities to produce an n-type semiconductor. 

The next step, then, is to form the two p-n junctions. This is 
accomplished by plating or pressing small metal dots on each side 
of the thin rectangular wafers, then heating the resulting assembly 
in a special oven. The metal dots contain an acceptor type im
purity, such as indium. When the small assembly is heated, the 
metal dots melt and dissolve part of the wafer, producing an alloy 
solution. When the heat is removed, the dots recrystallize, form
ing p-n junctions on each side of the n-type wafter. Generally, one 
metal dot is made larger than the other and serves as the collector 
electrode. The wafer itself is the transistor's base, and the smaller 
dot is its emitter. 

There are several variations of this basic technique. In some 
cases, for example, the tiny wafer is first etched electrochemically, 
reducing its thickness in the center, and thus the thickness of the 
base layer. By reducing the carrier transit time through the base 
region, this method improves the resulting transistor's high-fre
quency characteristics. If an n-p-n transistor were needed, a wafer 
of p-type semiconductor would be used, with the metallic dots 
containing a donor type impurity. 

With the alloying step completed, we have the "heart" of our 
transistor, and the next step is to attach suitable leads to the emit
ter, base and collector electrodes. Several techniques may be used 
here, including alloying, soldering, welding and pressure bonding 
under heat. The electrode leads may be aluminum, gold, indium, 
nickel, or other metals. As a general rule, a resistive contact is 
used for attaching leads to exposed areas, such as the emitter and 
collector regions, or to the base in alloyed-junction types. Where 
the exposed electrode region is extremely thin, a semiconductor 
contact might be employed. As an example, suppose that the base 
region is so thin that it is impossible to attach a lead without 
overlapping the emitter and collector electrodes. Here, the base 
lead could be doped heavily with the same type of impurity used 
in the base (a donor element in the case of a p-n-p transistor, for 
example). In this way, a small overlap into the emitter and col
lector areas will have relatively little effect on transistor opera
tion, for these two electrodes "see" the base lead as simply an 
extension of the base region. 

The assembled transistor is now attached to the connection 
leads or pins on its mounting base or header using spot-welding 
techniques. Afterward, the unit may be tested, and then mounted 
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in its case, encapsulated (potted), retested and branded with manu
facturer's name and type number. 

Other techniques 
The alloying technique which we have examined in detail, 

while quite popular, is only one of several used in the commercial 
production of transistors and related semiconductor devices. The 
original (and now obsolete) point-contact transistor, for example, 
consisted of a small cube of n-type germanium alloy on which 
rested two closely spaced leads or cat's-whiskers. Small p-type areas 
were formed by impurity diffusion under each lead, thus provid
ing the two p-n junctions needed for transistor operation. Point
contact construction techniques are still used in the manufacture 
of single junction diodes (Fig. 505). Compare this with the alloy
junction transistor assembled using the techniques described 
above (Fig. 506). 

Today, two methods are generally used in the manufacture of 
transistor junctions. Each has a number of refinements and modi

'f'C'AT'S HfSIER 

Fig. !iO!i. Detailed view of a point-contact diode, showing the wire cat's whis
ker. The original point-contact transistor used two closely spaced cat's whiskers 

as its emitter and collector electrodes. 

fications, depending on the transistor characteristics needed and 
the production methods preferred by individual producers. The 
alloying technique is an example of the impurity-contact method, 
as are the point-contact, surface-barrier and vapor-diffusion tech
niques. All these methods rely on the external contact of im
purity elements with the basic semiconductor crystal. With the 
alloy technique, for example, impurity pellets are applied to 
the crystal, then alloyed with it through heat to form p-n junc
tions. In point-contact assemblies, external cat's-whiskers (wire 
leads) of a donor or acceptor element rest against the crystal sur
face. In the surface-barrier transistor, opposite sides of the crystal 
wafer are electro-etched with fine streams of a suitable electrolyte 
solution carrying an impurity element. When the etching has 
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progressed sufficiently, electric currents are reversed, plating small 
dots of the impurity element on opposite surfaces. In some cases, 
a microalloy is formed by heating the completed surface-barrier 
transistor, causing the dots to melt, alloy with the semiconductor 
base and recrystallize, much in the same way that conventional 
alloyed-junction transistors are made. 

The vapor-diffusion technique is one of the latest of the various 
impurity-contact methods. A wafer of the basic semiconductor 
crystal is placed in a closed crucible containing one or more im
purity elements. The original crystal has been doped to have 
either n- or p-type characteristics, depending on the type of col
lector needed in the final transistor. When heat is applied to the 
crucible, the impurity element is vaporized and diffused into the 
semiconductor crystal, developing, say, a base region. Later, an 

Fig. 506. Uncased (left) and cased views of an alloy-junction transistor ... 
the small carbon resistor (right) is included to show relative sizes. 

emitter region may be added. If both acceptor and donor impuri
ties are used at the same time, one will generally diffuse into the 
crystal faster than the other, creating three alternate regions of 
p-type and n-type materials. The next result is something like a 
candy bar, with the outer surface of the crystal of one type of 
material (like the chocolate coating on a bar), a subsurface layer 
of another type of semiconductor and, finally, a central core (simi
lar to the filling in candy). This is converted into a three-layer 
sandwichlike transistor by cutting and etching techniques which 
expose the inner layers. 

If desired, alternate transistor junctions may be formed as part 
of the original crystal growing process. The grown-junction 
method includes three general techniques: (a) rate growing, (b) 
meltback and (c) grown diffused. All of these techniques rely on the 
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formation of p-n junctions either during the initial crystal growth 
or by using impurity elements included within the original crystal, 
in contrast to the impurity-contact methods which rely on the 
external application of acceptor and donor elements after the 
crystal is formed. 

The rate-growing process takes advantage of a previously noted 
characteristic of semiconductor alloys, the tendency for some types 
of impurities to concentrate in a liquid (melted) semiconductor. 
In practice, the molten metal in the crucible (Fig. 501) has both 
donor and acceptor elements added to it. Of these, the donor 
element is more sensitive to crystal growth rate, with the amount 
of this impurity taken up by the crystal varying as growing con
ditions change. As the large single crystal is being grown, then, 
the power is turned off, allowing the crystal to grow much more 
rapidly. At the proper point, a greater than normal amount of 
power is applied to the heating coils, causing the growth to stop 
and part of the crystal to remelt. The power is then turned off 
again, allowing the metal to cool and the crystal to restart growth. 
In the narrow region where the crystal growth was stopped and 
restarted, the acceptor impurity tends to concentrate, changing 
the normally n-type semiconductor into a thin p-type region. Re
peating this process results in the formation of alternate p- and 
n-type areas throughout the length of the crystal. Later, the crys
tal can be cut into sandwichlike discs containing n- p- and n-layers. 
Finally, the discs are diced into tiny n-p-n bars, leads are attached 
and the resulting transistors mounted in their cases. 

As in the rate-grown technique, the molten semiconductor is 
doped with both acceptor and donor impurities in the produc
tion of meltback transistors. Here, however, a constant growing 
rate is used, so that the resulting crystal has n-type properties. 
After slicing into disclike wafers and dicing into thin bars, the 
crystal is subjected to one more process step before leads are at
tached. Heat is applied to one tip of the bar, melting a small drop 
of the semiconductor. When the heat is removed, the drop recrys
tallizes, with the acceptor elements concentrating at the drop's 
point of contact with the unmelted bar, thus changing this part 
of the semiconductor into a thin p-type region and producing an 
n-p-n transistor. A typical meltback transistor, uncased but at
tached to its header, is shown diagrammatically in Fig. 507; the 
juncture between the semiconductor bar and the melted and re
crystallized tip is the transistor's base electrode. 

Somewhat similar to the rate-growing technique, the last of the 
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grown-junction methods, the grown-diffused process, takes ad
vantage of the different diffusion rates of donor and acceptor 
elements in a growing crystal. Growth is started with the molten 
semiconductor doped to one characteristic. Additional donor and 
acceptor impurities are added to the molten metal as crystal growth 
proceeds. Of these, one impurity tends to concentrate more rapidly 
at the boundary of the growing crystal and the molten pool, 
changing a thin area here into the opposite type semiconductor. 
If growth were started with an n-type semiconductor, for example, 
an acceptor impurity would be chosen which diffuses into the 
crystal more rapidly than the donor impurity, thus producing a 
p-type material at the crystal boundary. As crystal growth con
tinues, the other impurity eventually diffuses into the crystal, re-

Fig. 507. Construction details of 
a meltback-junction transistor. 

SEMICONDUCTOR BAR 

HEADER 

establishing a dominance of donor elements and forming a second 
n-type layer. Later, of course, the grown crystal is sliced into a 
three-layered "sandwich" of n, p and n semiconductors, then diced 
into n-p-n transistors. 

Power transistors 
All of the transistor construction techniques discussed have been 

used in the manufacture of low-power or small-signal transistors. 
In general, these transistors have maximum current ratings of 
less than 100 ma and maximum power dissipations of, at the most, 
a few hundred milliwatts. Except for physical size and maximum 
ratings, power transistors are basically similar to small-signal units. 
Like their smaller "cousins," they are two-junction solid-state de
vices made up of alternate p- and n-type semiconductor regions, 
with beta values which approximate those of low-power types. 
Both n-p-n and p-n-p types have been manufactured. Their electri
cal specifications, compared to small-signal types, are on a higher 
order of magnitude, however. Maximum current ratings may 
range up to 25 or 50 amperes, while power dissipations of 50 to 
100 watts, or more, is not uncommon. 
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Physically much larger than common small-signal transistors, 
power types generally are manufactured using one of the impurity
contact methods, with perhaps the majority made using the al
loyed-junction technique. Recently, some manufacturers have 
adapted the vapor-diffusion technique to the production of high
power high-frequency units. In the latter technique, the double 
diffused semiconductor crystal is etched away until a miniature 
tablelike projection, or mesa, is left projecting from the collector 
electrode, exposing the base and emitter regions. But regardless 
of the technique used to form the final junctions, the semicon
ductor crystals used in power transistor construction are grown 
using the same technique employed in growing crystals for small
signal units (Fig. 501 ). 

"Exploded" and cross-sectional views of one type of power tran
sistor are given in Figs. 508-a and 508-b, respectively. This is a 
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Fig. 508. An "exploded" view of a p-11-p alloy-junction power 
(111ultiwatt) transistor is shown at (a) ... mounting details for 
this unit are given at (b). For maximuw1 heat dissipation, most 
power transistors are mounted on a metal chassis or "heat sink." 

p-n-p junction alloy type in which indium metal dots are pressed 
into each side of an n-type germanium die, then alloyed to it by 
heating in a suitable oven. One indium dot becomes the transis
tor's collector electrode, the other serving as an emitter. The small 
piece of germanium is the transistor's base, with a connection made 
to it through a nickel ring which surrounds, but doesn't touch, 
the indium emitter. The collector electrode is connected directly 
to the transistor's outer case to facilitate heat dissipation. In use, 
the transistor generally is mounted on a metal chassis, although 
insulated from it with a thin mica washer and a nylon shoulder 
washer, as shown in Fig. 508-b. This permits maximum heat trans-
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fer from the transistor to the chassis, but maintains an "open" cir
cuit electrically. 

The basic assembly stages for different types of power transis
tors are really quite similar with closeup interior and exterior 
views of a completed unit given in Fig. 509. The differences be
tween this power transistor and the one shown in Fig. 508 are 
more physical than electrical, for both are manufactured using 
the alloyed-junction technique and both are p-n-p units. As with 
most power transistors, the collector electrode is connected, both 
physically and electrically, to the unit's outer metal case. 

Summary 
As we have seen, there are two general methods for producing 

the closely spaced p-n junctions needed for transistor operation: 

Collector 

Emitter 

MOUNTING BASE 

LEAD P1NS 

Fig. !i09. Detail view of an uncapped (left) 
and capped mu/tiwatt p-11-p transistor. 

(a) impurity contact and (b) grown-junction . The .several tech
niques available under each method are summarized in Fig. 510. 
The differentiating feature between them is the manner in which 
the donor and acceptor impurity elements are added to the basic 
semiconductor crystal. With the impurity-contact method, the im
purity elements are added after the crystal is grown, either by 
physical contact (as in the point-contact transistor), by electro
plating (as in the surface-barrier type), by alloying, by a combi
nation of plating and alloying (as in microalloy transistors) or by 
vapor diffusion (as in mesa types). Where the grown-junction 
method is used, the impurity elements are added to the molten 
semiconductor before the crystal is grown, with the final junc
tions formed either by varying the rate of growth, by remelting 

114 



ALLOY 
(IMPURITY CONTACT) 

DIFFUSION 
(IMPURITY CONTACT) 

RATE GROWING 
(GROWN) 

MELTBACK 
(GROWN) 

INITIAL 
CONDITIONS 

f····,,·,·'·''····•·.•··1 -
DOTS APPLIED 

GASEOUS DOPING 
AGENTS APPLIED 

CYCLE JUST 
COMPLETED 

I 
DOUBLE DOPED 
PELLET 

GROWN DIFFUSED Pf =.:.:.:.:.:::adj 
(GROWN) 7·f{\\\ 

MOLTEN METAL 
DOPED WITH 
EMITTER ll 
BASE IMPURITIES 

INTERMEDIATE 
STAGE 

\\~I/ 
nv=::::::;:;:::::::f \j:q<::::J 

//11\\ 
HEAT MELTS DOTS 

DOUBLE 
DIFFUSION 
COMPLETED 

~ 
HEAT REMOVAL 
GIVESRAPID 
GROWTH 

[1'11'•.JI 
/ t \\ 

BASE IMPURITY 
DIFFUSES 
RAPIDLY INTO 
COLLECTOR 

FINISHED 
STRUCTURE 

DOTS 
RECRYSTALLIZE 

ETCHING 
EXPOSES 
BASE 

n-n l~I 
HEAT REAPPLIED 
TO FORM JUNCTIONS 

' TIP FREEZING FORMS 
JUNCTIONS 

Fig. 510. Summary of important transistor production techniques. These 
methods, used to produce various types of junction transistors, represent 
the different techniques that may be emplo)>ed. The important thing is that 
the production methods used permit the formation of two junctions having 

accurately controlled f1hysical and electrical characteristics. 
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part of the shaped transistor (as in the meltback type) or by add
ing additional donor and acceptor elements as the crystal is grown. 

All of the techniques may be used for producing both p-n-p and 
n-p-n transistors, all are suitable for mass production, and all may 
be used to manufacture a variety of types, including audio, rf, 
low-noise, low-power and high-power units. As a general rule, 
however, power transistors are manufactured using impurity-con
tact methods. 

Type selection 
Unfortunately, transistor production techniques have not yet 

been refined to the point where a manufacturer can produce a 
large batch of transistors with closely controlled characteristics. 
Instead, a given production run will include units falling within 
a relatively broad range of specifications. One of the last produc
tion steps, then, is a final test of important characteristics and the 
assignment of type numbers. In a given production batch, for ex
ample, a certain percentage of the transistors may have a very high 
beta, another percentage will have a lower beta, and still another 
group may have a medium beta. Typically, those falling within 
predetermined high beta ranges would receive one type number, 
those with a medium beta range a second type number, and those 
with low beta values still a third number, even though the entire 
batch was manufactured at the same time under virtually identi
cal conditions. 

As a general rule, the published maximum ratings for various 
transistor types should be taken at their face value. Electrical char
acteristics, such as beta, cutoff frequency, distributed capacitances 
and so on, are "typical" or average, rather than absolute, values. 
A transistor with a given type number, for example, may have a 
beta higher (or lower) than another unit with the same type 
number, even when produced by the same manufacturer. The 
tolerances to which the transistors are selected depends, to some 
extent, upon their type and price. For example, a premium-priced 
"high-quality" transistor may have a beta range of only 3 to 1. 
That is, the maximum beta may be only three times as much as 
the minimum beta for transistors of that type number. Typically, 
a good-quality transistor of a specific type number may have a 
listed beta of, say, 30, but typical production units of that type 
may have individual betas from as low as 20 to as high as 60. 
Lower-priced "experimenter's" transistors, on the other hand, 
may have a beta range as high as 5 or 6 to 1. 
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CHAPTER 6 

Dow to identify transistor 
types 

Differentiating between similar objects can be a simple chore 
or an exacting task, depending on one's training, experience and 
knowledge, and the degree to which details must be identified. 
Caucasians, for example, complain that "all Orientals look alike." 
And in TV Westerns, both heros and heavies will refer to the 
Indian without further description, as if all Indians looked, 
thought, and acted alike. Chances are that the reverse situations 
are just as true-that many Orientals have difficulty distinguishing 
between various Europeans, and that the early Indians tended to 
group all light-skinned people together as "white men." 

That reminds one of the story about the little boy who peeked 
through a board fence into a nudist camp. When asked later 
whether he saw men or women in the camp, he shrugged his 
shoulders and replied matter-of-factly: "I couldn't tell-they didn't 
have their clothes on." 

There are, of course, many different ways of classifying human 

117 



beings. If we stick to basics, there are only two types, male and 
female. Going a step further, we could classify according to color 
of hair, skin, or eyes. On the other hand, if we ignore color as an 
identifying trait, we could classify according to facial features or 
physical attributes-tall, short, fat, thin, and so on. Or, we could 
ignore physical characteristics completely and classify on the basis 
of type of dress, costume, or uniform, according to nationality or 
according· to speech or voice accents. The possibilities are endless, 
and if all classifications and sub-classifications were utilized at the 
same time, it is likely we would soon find that there is only one 
person in each of several billion sub-classes. 

In one sense, transistors are a lot like people. If we stick to 
basics, there are only two types-p-n-p and n-p-n. But we can go 
further, classifying according to physical size, type of semicon
ductor material (germanium or silicon), style of case, electrical 
specifications (such as beta, cutoff frequency, or power handling 
capacity), method of construction, or even according to lead or 
pin arrangement. Again, if we utilize all the possibilities, we are 
likely to find that there is just one transistor in each of several 
million sub-classes. 

\Vhile people, as our little boy found, may be easier to classify 
with their clothes on, transistors can be just the opposite. If we 
wish to classify according to type of construction, for example, 
they are easier to identify with their clothes (cases) off, for many 
different transistors may be assembled in the same style and size 
case; externally, then, they would all look alike. For that matter, 
many types of component can be (and are) assembled in transistor 
style cases, including such units as subminiature relays, diodes, re
sistors, special purpose capacitors, and even microminiature iron 
core transformers. Unfortunately, removing a transistor's case is 
likely to damage it beyond repair unless special tools are used. 

There is one saving grace, however. As we learned in Chapter 2, 
and as many of you probably knew beforehand, transistors are 
stamped with an identifying type 1111111ber by the manufacturer. 
By using this as a guide and referring to the manufacturer's pub
lished technical literature, we can learn such things as the tran
sistor's lead connections, its maximum ratings, and its technical 
specifications, as well as its basic electrical type (n-p-n or p-n-p) 
and material of construction. 

\Vhen referring to transistor data charts, you'll find quite often 
that one or more special identifying symbols are given in addition 
to the usual electrical specifications and maximum ratings. These 
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are generally in the form of various letter combinations, such as 
PC, SB, MADT, and so on. Contrary to what you might expect 
at first glance, these are not the initials of the manufacturer nor 
of his Chief Engineer. Nor do the symbols represent company 
slogans, a la the famous one used by a major cigarette manufac
turer ... LS/MFT . .. even though clever copywriters from Madi
son Avenue could easily dream up appropriate mottos-Pretty 
Cute for PC, Some Boy for SB, or Many A Dreamy Transistor 
for MADT. Instead, these symbols refer to the basic transistor 
type as far as manufacturing technique is concerned, and hence 
indicate the transistor's internal construction. 

TYPES OF TRANSISTORS 
As we found in Chapter 5, there are two basic methods of manu

facturing transistors, (a) impurity contact and (b) grown junction. 
These general methods, in turn, include a variety of specific tech
niques, each with its own advantages and limitations. Some of 
these techniques are less costly than others, but are better suited 
to the manufacture of certain types as far as electrical specifica-

Fig. 601. Cutaway view of 
point-contact transistor construc
tion. A /though considered obso
lete, it has characteristics not 

possible with junction types. 
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tions are concerned. Others require complex production equip
ment or precise controls, but permit the manufacture of units 
with special characteristics or have a high yield.• For example, 
alloy junction transistors are relatively inexpensive to produce 
but, as a general rule, are low-frequency types. Surface barrier 
transistors, on the other hand, manufactured using a more com
plex technique, have excellent high frequency characteristics but 
limited power handling capabilities. 

Within certain limitations, however, any of the basic manufac
turing techniques may be used to produce a variety of transistors 
with a broad range of electrical specifications. Alloy junction types, 
for example, may be produced with low, medium, or high beta 

• Yield-the number of accepted transistors resulting from a given production run. The higher 
the yield, the lower the number of rejects. Ideally, the yield should be 100%. 
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characteristics, and with power capabilities ranging from a few 
milliwatts to as high as a hundred watts (or more). Although not 
a preferred technique for producing very high frequency transis
tors, the alloy junction methods can be used to produce rf as well 
as audio types. Similarly, grown junction transistors can be pro
duced with various beta specifications, with different cutoff fre
quencies, and in a variety of sizes with different power ratings. 
In choosing a specific construction technique, then, the transistor 
manufacturers must consider such factors as ... (1) personal 
preferences, (2) materials used, (3) electrical characteristics 

EMITTER 

Fig. 602. This pictorial repre
sentation of the point-e<mla,t 
transistor shows the for111ati,m 
of p-type regions ,m the 11-typc 

/Jase material. 

needed, (4) special production equipment required, (5) quanti
ties to be produced, and (6) expected yield. 

For discussion purposes, it is convenient to group transistors 
into "types" according to internal construction (and hence method 
of manufacture). Using this as a guide, then, let's take a look at 
commonly available types .... 

Point-contact transistors 
Historically, the point-contact transistor could be. considered 

the grand-daddy of all modern types, for it was the first type in
vented and the first type to be produced commercially. Identified 
by the letter symbols PC or PT, the point-contact type is no 
longer produced by major commercial manufacturers and hence 
is generally considered an obsolete design. Since PC types were 
the first to be produced, any units encountered are likely to have 
"low" type number designations, typically, numbers 2N22 through 
2N26 and 2N30 through 2:\133 are point-contact types. 

The basic mechanical construction of a typical PC transistor is 
shown in Fig. 601, while its electrical construction is shown 
symbolically in Fig. 602. In this unit, the emitter and collector 
electrode connections to the {Jase are made through two fine wire 
cat's-whiskers resting on (or welded to) the crystal's surface a few 
thousandths of an inch apart. The base itself is a small wafer of 
n-type or p-type semiconductor crystal and, typically, may measure 
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only 0.05 inches square by, say, 0.02 inches thick. After assembly, 
the transistor is formed by applying electrical pulses and heat to 
its cat's-whisker electrodes, causing small amounts of the electrode 
material to diffuse into the base crystal as an impurity, and chang
ing the conduction characteristics of the crystal in the areas im
mediately adjacent to the points of contact, thus developing the 
two p-n junctions essential to transistor operation. With an n-base 
t~ansistor, as shown in Fig. 602, p-type areas are formed, and 
vICe-versa. 

Electrically, the n-base PC transistor is similar in operation to 
a modern p-n-p junction type, while the p-base type has general 
characteristics roughly equivalent to an n-p-n unit. As a general 
rule, point-contact transistors have exceptionally high gain-so 

Fig. 603. Typical internal construc
tion of an alloy-junction transistor. 
Connections to base, emitter and col
lector are welded to low-heat conduc-

tion alloy leads. 

high, in fact, that they are unstable when used as amplifiers except 
in the common-base configuration. They make excellent oscil
lators and switches, and have good high frequency characteristics. 
It is significant that the earliest rf transistor types were invariably 
point-contact designs. 

On the debit side of the ledger, PC transistors are difficult to 
manufacture with controlled specifications and hence have a low 
yield. In addition, they tend to be noisy and, as mentioned above, 
are unstable in some types of circuits. Requiring higher operating 
voltages than other types, they have limited power handling capa
bilities due to the small size of the cat's-whisker electrodes. 

Alloy junction transistors 
Identified by the letter symbols A], ]A, or, often, simply A, 

the alloy junction transistor is perhaps the most popular type in 
current production. AJ transistors are used extensively in audio 
amplifiers, hearing aids, radio receivers, test instruments, com
puters, power supplies, power inverters, and related types of equip
ment. The internal construction of a typical alloy junction tran
sistor is illustrated pictorially in Fig. 603, while its electrical 
configuration is shown symbolically in Fig. 604. As we learned 
in Chapter 5, the transistor consists of a small wafer of p or n-type 
semiconductor crystal, with small dots of an impurity element 
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pressed onto opposite sides and then alloyed with the semicon
ductor by the application of controlled heat. If the wafer is, 
say, n-type germanium, and the metallic dots are indium, the re
sulting transistor is a p-n-p unit. The indium, when melted, alloys 
with then-type germanium (or silicon) and changes the areas im
mediately adjacent to the dots into p-type material. 

There are two basic variations of the alloying technique. The 
diffused alloy transistor is similar to the conventional alloyed junc
tion shown, but with the addition of a diffused base region on the 
emitter side. The net result is to reduce current carrier transit 
time through the base region and thus to improve the transistor's 
high frequency characteristics; diffused alloy transistors are often 
called drift types. In the alloy diffused transistor, the initial wafer 
is pre-doped to the characteristics desired in the emitter electrode. 

P-TYPE 
REGIONS 

COLLECTOR 

Fig. (i04. Pirtorial cross-sectio11 
of /Jase shows how pellets are 
diffused i11to the /Jase u•afer. 
.foi11i11g pellets to J,ase 111aterial 
forms a11 a/101· of the li,•o ma-

terials. 

Afterwards, the base region is formed by diffusion out of the emit
ter dot, which is made of an alloy containing both donor and 
acceptor impurities; as you will recall, different impurity elements 
have varying diffusion rates through a semiconductor crystal. 

As a class, alloy junction transistors offer perhaps the widest 
range of different characteristics of currently available types. ·with 
somewhat less gain than PC types, they are stable in most circuit 
configurations. They can be manufactured to reasonably close 
specifications and, in production, have a good yield rate_ Most 
high power transistors are alloy junction types_ In general, they 
have much lower inherent noise than PC types, with selected types 
having a lower noise level than premium quality tubes. Frequency
wise, most alloy junction transistors are best-suited for operation 
at audio and low radio frequencies, but some drift (diffused alloy) 
types have cutoff frequencies in the hundreds of megacycles and 
hence are suitable for use in the VHF range. AJ transistor voltage 
ratings are moderately low, but, because of the large electrode 
contact areas, they are capable of handling relatively large currents. 

Grown junction transistors 
Differing from the various alloy types in that their p-n junctions 
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are formed either during the initial crystal growing process or by 
diffusion methods utilizing impurities included in the original crys
tal, grown junction transistors are identified by the letter symbols 
G, GJ, or GD (grown diffused). In contrast to the alloy types, 
which are generally wafer-like in general shape, GJ transistors have 
a bar-type structure, as shown pictorially in Fig. 605. The grown 
junction transistor's electrical configuration is illustrated in Fig. 
606. Physically, the multi-layered bar which makes up the final 

Fig. 605. Grown-junction transistors 
have a bar construction instead of the 
wafer. Tabs are welded to leads that 
rnme out from the bottom of the 
header. These are emitter, base and 

collector, from left to right. 

transistor may measure about one-one hundredth of an inch on 
each side by about one-tenth of an inch long. 

If we ignore the obsolete double-doped process, grown junction 
transistors are produced using any three basic techniques: (a) rate 
grown, (b) meltback, and (c) grown diffused. All three were dis
cussed in Chapter 5. In addition to the three basic processes, a 
diffusion technique is sometimes employed in the formation of 
meltback transistor junctions, resulting in a meltback-diffused 
type. Meltback and meltback-diffused transistors are often identi
fied by the symbols MB and MBD, respectively, rather than the 
various G symbols used more commonly for identifying grown 
junction types. Both p-n-p and n-p-n transistors may be produced 
using the outlined processes, depending on the donor and acceptor 
impurities used, on the basic semiconductor material, and on the 
exact technique employed. Although requiring precise controls 
during crystal growth and junction formation, the various grown 
junction techniques have a fairly good yield rate and permit the 
manufacture of units with reasonably consistent characteristics. 

Most grown junction transistors have somewhat better high 
frequency specifications than corresponding alloy junction types. 
This is due, in part, to the lower interelectrode capacities result
ing from their smaller base area. On the other hand, their smaller 
physical size limits their power dissipation, making their structure 
less suitable for the construction of high power (multi-watt) tran
sistors. In general, however, GJ types are used in applications 
similar to those in which A.J types are found, but with greater 
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emphasis on rf circuits (such as receivers) and less emphasis on 
power applications. 

Surface-barrier transistors 
For transistor action to take place, we must have two p-n junc

tions in close proximity to each other and separated by a layer of 
semiconductor material, the base region. Current carriers-elec
trons and holes-must travel through this intervening region in 
moving from the emitter to the collector electrode. It follows, 
then, that the transit time required for the current carriers will 
have a direct effect on the speed with which the transistor can 
respond to applied signals, and hence on its high frequency char
acteristics. In basic terms, the thinner the base region, the better 
the transistor's high frequency specification and the higher its 
cutoff frequency. 

Unfortunately, there is a lower limit on the practical size of 
the base region where transistor junctions are formed using alloy 

P-TYPE 

N-TYPE N-TYPE 

EMITTER BASE COLLECTOR 

Fig. 606. Bar of se111ico11-
ductor material has a grown 
j>-ty/>e layer l>etn•ee11 two 

11-tyj>e sections. 

or grown junction techniques. If the wafer used in alloy junction 
transistors is made too thin, it will be next to impossible to cut 
and shape using available equipment and, in addition, will be 
quite fragile and subject to damage during handling and process
ing. In grown junction transistors, on the other hand, attempts to 
reduce base region thickness below a minimum dimension can 
(and will) result in frequent shorts between the much larger emit
ter and collector regions, thus ruining the transistor. A determined 
effort to reduce the base region thickness, using an easily con
trolled production technique, resulted in the development of the 
surface-barrier transistor and its family of related types. 

A schematic view showing the construction of a surface-barrier 
transistor is given in Fig. 607. It consists of a small wafer of semi
conductor material with two etched out areas opposite each other. 
Small metallic dots are plated on either side of the etched out 
regions and become the emitter and collector electrodes. In the 
manufacturing process, two needle-fine streams or jets of a metal-
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lie salt solution are directed against opposite faces of a thin wafer 
of semiconductor material. A de voltage is applied to the streams 
and to the wafer, with the polarity chosen so as to electrolytically 
etch away the sprayed area of the semiconductor. This etching 
process is carried on until the center of the wafer is only a few 
ten-thousandths of an inch thick. At this point, the voltage polar
ity is reversed, stopping the etching process and electroplating 
the two metallic dots on opposite sides of the wafer. If the basic 
wafer is, say, n-type germanium, an indium salt (such as indium 
sulfate) solution may be used for the etching process, with indiur,-, 
dots plated on the wafer in the final process. A transistor produced 
using these materials would have p-n-p characteristics. Once the 
plating process is completed and the transistor cleaned, the unit 

Fig. 607. Surface-harrier tran
sistor base is similar to that in 
Fig. 604. /lase section is made 

thinner with etching jnocess. 

N-TYPE 

can be tested, leads attached, and the assembly mounted on its 
header and cased. 

In the basic surface-barrier transistor, there is no diffusion of 
the impurity elements into the base or semiconductor wafer, and 
hence its action depends on metallic junction contact alone. The 
unit may be subjected to additional processing steps, however, to 
obtain more desirable characteristics. For example, a combination 
of heat and applied voltage can result in surface diffusion, or suf
ficient heat may be applied to cause the metallic dots to melt, alloy 
with the semiconductor, and to recrystallize, much in the same 
way that alloying takes place in the alloy junction transistor, but 
on a much smaller scale. Finally, a combination of alloying and 
diffusion techniques may be employed. 

By starting with the basic transistor, then, and processing in 
various ways, a whole family of transistor types can be produced. 
As with the other types discussed, these can be identified quite 
conveniently by using appropriate letter symbols-SB for surface
barrier, SBDT for surface-barrier diffused type, MAT for micro
alloy type, and MADT for the micro-alloy diffused type. The basic 
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construction of a micro-alloy (MAT) type is illustrated in Fig. 
608. 

Transistors in the surface-barrier family share a number of 
characteristics. They are all high frequency types, with cutoff fre
quencies ranging up into the hundreds of megacycles. A refined 
and improved version of the micro-alloy diffused transistor, for 
example, has been used as an oscillator at frequencies as high as 
several thousand megacycles. The ultra-thin base layer used in 
these types is easily punctured by excessive collector-to-emitter 
voltage, however, and hence these units have a relatively low maxi-
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mum voltage coupled with limited power handling capabilities. 
As a result, transistors in this family find their widest application 
in high frequency receivers (such as FM and TV sets), in low 
power VHF and UHF transmitters, and in the high-speed switch
ing circuits employed in some types of computers. 

Other types 
While the great majority of the transistors in current produc

tion are of the types just discussed, these are by no means the only 
types possible. New manufacturing techniques are being developed 
on an almost month to month basis, and these, either alone or in 
combination with older techniques, may result in new types of 
transistors, or even whole families of types. Along with the devel
opment of new techniques, there is a constant refinement in es
tablished manufacturing processes, resulting not only in higher 
yield rates but, often, in the development of improved types. 

As we learned in Chapter 5, one of the latest of the impurity 
contact methods involves the formation of alternate p-n junctions 
by the diffusion of impurities in vapor form into the basic crys
talline wafer. Afterwards, etching and cutting methods are used 
to expose the alternate layers and to permit lead connections to 
be attached to the base and emitter electrodes. Physically, the re-
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suiting transistor looks much like a fl.at surface with a projecting 
table-like formation. The larger fl.at area serves as the transistor's 
collector and has excellent power dissipation qualities, while the 
thin base layer resulting from the vapor diffusion permits im
proved high frequency characteristics. The net result is a tran
sistor which combines power handling ability with a relatively 
high frequency cut-off. Because of the table-like shape of the pro
jecting _junction areas above the collector electrode, these units are 
called MESA transistors (in Spanish, mesa is the word for table 
and frequently is applied to the high, fl.at plateaus found in the 
Western United States). 

In some cases, manufacturers will combine the features of two 
basic production techniques. One firm, for example, is producing 
transistors by using a combination of alloy and diffusion processes. 
Here, the transistor is built up on a base of p-type semiconductor. 
Two small impurity pellets are placed on the surface. One pellet 
(which eventually becomes the base electrode) contains only an 
n-type impurity. The other contains both p-type and n-type im
purities, but with the p-type chosen to have a slow diffusion rate. 
When the resulting assembly is heated, the n-type impurities dif
fuse rapidly together, forming a thin n-type layer. At the same 
time, the pellets melt into an alloy with the semiconductor base 
material. When the completed unit is cooled, the alloy recrystal
lizes, forming p-type (emitter) and n-type (base) electrodes, with 
the thin n-type region between the original p-type base and the 
p-type emitter pellet. Transistors manufactured using this tech
nique have thin base regions and relatively large collector elec
trodes, hence good high frequency characteristics combined with 
fair power handling capabilities. Since the technique is called the 
Post Alloy Diffusion Process, transistor types manufactured using 
it are identified as PADT types. 

OTHER SEMICONDUCTOR DEVICES 
Like the "Ruler of the Queen's Navy" in Gilbert and Sullivan's 

famous comic opera, The H.M.S. Pinafore, the transistor has 
"cousins ... whom he reckons up by dozens." The transistor, then, 
for all its types, styles, sizes and varied circuit applications, is but 
one of a vast class of devices utilizing the special properties of 
semiconductor materials. Included in this vast group are single 
and multiple junction two-electrode devices (diodes), three elec
trode units other than the triode transistor, and devices with four 
or more electrodes (tetrodes, etc.). The variety of currently avail-
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able and potential devices is so great that a mere listing by type 
and application would require several chapters, while a detailed 
examination of each would require many volumes, each larger 
than this book. 

Obviously, space limitations prohibit as detailed a study of other 
semiconductor devices as we made of the triode transistor. How
ever, we will find it worthwhile to take a quick look at the various 
units that may be encountered in commercial and experimental 
equipment, or that may be used in conjunction with more fa
miliar transistor circuits. In this way, you can obtain a better un
derstanding of semiconductor operation and, equally important, 
can make better use of the transistor and its cousins in your hobby 
or profession. \Vhen examining these other devices, keep in mind 
the special physical properties of semiconductor materials, for 
these unique properties are basic to the operation of all semicon
ductor devices. 

In review, semiconductor materials are crystalline elements or 
compounds with conduction characteristics falling midway be-
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Fig. 609. The diode sy111/JO/ does 110t 
i11dicate the abilities of the u11it used. 
This rould t,e a /011•-110/tage, lm,•-c11r
re11t dt'lertor or a high-110/tage. heaF\' 

curre11t rectifier. 

tween those of good conductors, such as copper or silver, and good 
insulators, such as glass or ceramic. They have two really unique 
properties: (I) the ability to change their conduction character
istics when subjected to external forces, such as electrical or mag
netic fields, heat, or light, and (2) the ability to conduct by means 
of two different types of current carriers, holes or electrons (or 
both). 

Diodes 
By definition, a diode is simply a two electrode device. Un

fortunately, such a definition can cover, as the expression goes, 
a multitude of sins, for the very nature of semiconductor materials 
makes possible a fantastic array of two terminal devices, all with 
different electrical characteristics, divergent circuit applications, 
and varying physical traits. To avoid confusion, then, the ex
pression semico11d11clor diode (or, simply, diode) is used in con-
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ventional practice, as a descriptive term only for single junction, 
two electrode devices having unilateral conduction characteristics 
-that is, devices which offer little or no resistance to current flow 
in one direction, but which act as a high resistance or open circuit 
when current polarity is reversed. When dealing with other types 
of diodes, an additional descriptive term is used, for example, 
Bistable diode, Tunnel diode, and so on. 

As you may recall, we prefaced our discussion of transistor op
eration with a detailed examination of the p-n junction diode and 
its function (see Chapter 3, Fig. 301 ). The junction used in a 
diode may be fabricated using any of the manufacturing processes 
we have reviewed, while the diodes themselves, like transistors, 

Fig. 610. Cut-a-way view of a 
top-hat rectifier diode. Base ma
terial is connected to outside 
case to carrv the heat awav from 
the ju11cti,i"11 and pre11eni dam
age to the semiconductor ma-

terial. 
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may be made of germanium, silicon, or various semiconductor 
compounds. If we ignore external appearances, variations in manu
facturing technique, and differences in exact electrical specifica
tions, there are basically two classes of diodes in current use: 
(a) signal handling types and (b) power rectifiers. Both operate 
in essentially the same fashion, except for the magnitude of cur
rents handled, and both are identified with the same schematic 
symbol, as shown in Fig. 609. 

Most signal handling diodes are rather small physically. A popu
lar point-contact diode of this type was illustrated in Fig. 508, 
Chapter 5. Typically, their maximum voltage ratings range from 
a fraction of a volt to as high as several hundred volts, depending 
on intended application. Current ratings are generally less than 
20 ma., but a few types can handle currents as high as 100 ma. 
Application-wise, these diodes are used as detectors, modulators, 
mixers, clippers, and limiters in receivers, test instruments, and 
control equipment, and as unilateral coupling elements in com-
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puters and special amplifiers. (Fig. 610 shows a cross section of a 
diode.) 

A typical experimenter's application for a signal handling diode 
is shown schematically in Fig. 611. Here, the diode (D 1) is used 
as a detector (demodulator) in a simple radio receiver. In opera
tion, rf signals are picked by the antenna (ANT.) and selected 
by tuned circuit Ll-Cl. The selected rf signal is detected by diode 
DI, with the audio portion of the detected signal coupled through 
C2 to a single stage common-emitter amplifier using a p-n-p tran
sistor, Vl. The amplifier stage, in turn, drives a pair of standard 
headphones. Receiver operating power is supplied by a three volt 
battery, with Vl's base bias current furnished through series re
sistor Rl. 

There is some overlap in specifications between the smaller 
power rectifier diodes and the iarger signal handling types. This 
results in a rather hazy line of division between types and a ten
dency on the part of designers to use diodes within this area in
terchangeably. As a general rule, however, most power rectifier 
diodes are designed to handle currents ranging from .l ampere 
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Fig. 611. Simple crystal detec
tor a11d si11gle tra11sistor ampli
fier is a typical circuit for the 

hegi1111i11g experime11ter. 

(100 ma) up to hundreds of arnfJeres. Their voltage ratings are 
comparable to those of signal handling types. 

The relatively heavy current handling requirements of power 
rectifiers necessitates a number of differences in their physical 
construction as compared to signal handling diodes. For example, 
most signal handling types are quite small physically, and are 
mounted in glass, ceramic, or plastic housings. A few types are 
assembled in metal transistor style cases. Generally, the anode or 
cathode leads are independent of, and insulated from, the housing, 
even where a metal case is used. The junction and contact areas 
are small, to minimize distributed capacities and to obtain a mini
mum current carrier transit time through the semiconductor ma
terial, thus assuring good response to high frequency signals. In 
contrast, the junctions used in power rectifier diodes are relatively 
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large and have broad contact areas. These features are needed to 
insure low internal resistance in a forward direction and to permit 
the units to handle the large currents for which they are designed. 
In addition, most power rectifier types are assembled in metal 
cases, with one electrode connected to the outer case both physi
cally and electrically to insure good heat dissipation. As you may 
recall, a similar technique is used in the construction of power 
transistors, with the collector electrode connected directly to the 
metal case. 

Application-wise, power rectifiers are used to convert ac into 
pulsating de. A typical circuit is shown in Fig. 612. Here, 117 
volts ac such as may be obtained from a household power outlet, 
is applied through current limiting resistor RI to diode DI. The 
diode conducts on alternate half-cycles, charging capacitor Cl to 
peak line voltage. The capacitor, in turn, discharges slowly through 
bleeder resistor R2 and to the load connected to the output 
terminals, maintaining a reasonably steady output de voltage 

Fig. 612. Power-rectifier cir
cuit is typical of that used i11 

111a11y ta/,/e radios. 

RI DI 
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with the polarity shown. Since the diode conducts only on al
ternate half-cycles (when its anode is positive with respect to its 
cathode), the entire circuit is a half-wave de j>mver suj>ply. 

Power rectifiers, like signal handling diodes, can be connected 
in series or in parallel. A series connection is used where the 
aj>plied voltage is greater than the breakdown voltage of a single 
junction. A parallel connection is used where the current require
ments are gTeater than can be handled by a single junction. In prac
tice, however, series connections are more popular than parallel 
arrangements, because better results are obtained with a single 
large junction than with several small junction diodes connected 
in parallel. 

Zener diodes 
All semiconductor diodes have a breakdown voltage. This is the 

voltage level at which the junction fails and allows a sudden in
crease in current when the voltage is applied in the diode's in-
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verse or non-conducting direction. As mentioned in Chapter 3, 
this is the diode's Zener voltage. Some diodes are designed and 
selected for use at their Zener voltage and are called, appropriately 
enough, Zener diodes. Typical applications for these devices are 
in voltage regulator circuits, as voltage reference elements, as 
clippers and limiters, and as protective devices for voltage sensi
tive components, such as meters and transistors. 

Photocells 
Most semiconductor substances are sensitive to light energy as 

well as to heat and to the stress of electrical fields. Light energy 
impinging upon the material's surface causes the formation of 
hole and electron pairs within the crystalline structure. This can re
sult in several types of phenomena, depending on the type of 
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material involved, on whether there are p-n junctions present, and 
on other factors. In general, however, the freeing of the electron 
and hole current carriers by the light energy causes a drop in the 
material's resistance. Where a p-n junction is involved, the change 
in resistance can he considerable. If the material is multilayered 
and thin enough to he transparent to light, the electrons may tend 
to accumulate on one surface, generating a small potential and, 
in effect, converting light energy into electrical power. It is this 
last phenomenon that is employed in the famous sun batteries 
used so extensively in artificial earth satellites and space probes. 

A large variety of semiconductor substances are used in manu
facturing these devices, including such semiconductor compounds 
as lead and cadmium sulfides, selenium, and, of course, germanium 
and silicon alloys. The majority of types are two-electrode units 
(diodes), but some manufacturers assemble certain types of their 
transistors in such a way that light can strike the p-n junctions, 
thus producing a three-terminal (triode) J;lwtotransistor; the re
sulting device can be used either as a conventional transistor or as 
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a light-sensiti,·e photocell, depending on the circuit requirements. 
A typical semiconductor photocell application is illustrated in 

Fig. 613. Here, a self-generating photocell (PC) serves as a source 
of base bias current for a single stage direct-coupled amplifier 
using a p-n-p transistor, Vl, in the common-emitter configuration. 
With the photocell dark, little or no base current is supplied to 
the transistor and collector current is very low. As a result, the 
relay remains open. When light strikes the photocell, a small 
voltage is developed and applied to Vl 's base-emitter circuit. This 
results in a flow of base bias current and a corresponding, but am
plified, flow of collector current, closing the relay. Operating 
power is supplied by the battery, B, with resistors Rl-R2 serving 
to limit the transistor's emitter current and as a control over the 

Fig. 614. The four-layer diode 
is a bistable device with charac
teristics similar to those of a 

gas-filled diode. 
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transistor's input impedance. R3 serves as a shunt across the relay 
and permits an adjustment of relay sensitivity. R4, in series with 
the relay, serves to limit Vl 's collector current. Circuits similar 
to this one may be used for assembling electric eye burglar alarms, 
doorway annunciators, counters, and related alarm and control 
equipment. 

Bistable diodes 
The diodes we have examined thus far have been single junc

tion devices. In contrast, the Bistable diode, although having only 
two electrodes, has three semiconductor junctions. Its construction 
is shown pictorially in Fig. 614. Consisting of four alternate 
layers of p-type and n-type semiconductors, the Bistable diode can 
operate in either a high resistance non-conducting or in a low 
resistance conducting state, depending on the polarity and ampli-
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tude of applied voltages. The unit's four-layer construction is sym
bolized by its schematic symbol, shown in Fig. 615. The symbol 
resembles the numeral "4" (for 4-layer), with the slanting line 
serving as an arrowhead indicating the forward direction of the 
device when in a conducting state. 

Since the Bistable diode operates as a two terminal, two-state 
device, its action is roughly analogous to that of a gas-filled diode, 
such as a neon bulb, or a Zener diode used at close to its Zener 
voltage, and it can be used in similar applications. Thus, its pri
mary circuit functions are in relaxation oscillators, switches, bi
stable configurations, counters, and various computer logic circuits. 
A typical Bistable diode saw-tooth relaxation oscillator circuit is 
illustrated in Fig. 615. In operation, capacitor Cl is charged 
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slowly by the battery (B 1) through the series resistors R l and 
R2. Rl is generally much larger than R2. The charging time de
pends on the R-C time constant of the circuit, or, essentially, upon 
the values of Rl and Cl, since R2 is relatively small. During the 
charging period, the Bistable diode remains in its non-conducting 
state. However, as soon as the voltage across C 1 reaches the break
down or firing voltage of the diode, this unit suddenly switches 
to its conducting state. Its resistance may change from, say, I 0 
megohms or more (in its non-conducting state) to less than 20 
ohms when it fires. At this point, Cl is rapidly discharged through 
the Bistable diode and through current limiting resistor R2 until 
the voltage remaining across Cl (and the current through the 
diode) is no longer sufficient to hold the diode in its conducting 
state, at which time the diode switches back to its high resistance 
state, allowing Cl to be recharged once again. This action is re
petitive, of course, as long as power is supplied to the circuit. A 
saw-tooth signal voltage is developed at point A during Cl's 
charge, with a sharp pulse developed at point Bas Cl is discharged. 

Tunnel diodes 
Invented by a Japanese scientist and often called the Esaki 
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Diode in his honor, the Tunnel diode is a single junction, two 
terminal device having a negative resistance characteristic. Com
mercial units may be manufactured of germanium, silicon, or 
various semiconductor compounds, such as gallium arsenide, and, 
generally, are mounted in small cases about the same size as those 
used for subminiature transistors. Although the Tunnel diode 
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Fig. 616. The straight solid li11e in (a) is the linear characteristic of a resistor. 
Nonlinear devices 11u1v have curves like the /Jroken and dashed lines. The 
Tunnel diode has a ,iwre ro111plex cun1e (Ii) and the reuerse slope (negatirie 

resistance region) allows the diode to oscillate. 

is basically a two terminal device, some manufacturers provide 
a third lead or pin connection connected to the diode's case to 
serve as a shield. 

In order to understand the operation of the Tunnel diode in 
practical circuits, we must first discuss the term negative resistance. 
This can be explained best by comparing the characteristic curve 
of the Tunnel diode with that of more familiar devices. Refer
ring to Fig. 6 l 6-a, the characteristic curve of an ordinary resistor 
is shown by the solid line; this indicates that the current through 
the resistor, represented by the vertical axis, is directly propor
tional to the voltage applied to it, as represented by the horizontal 
axis. In other words, if we double the voltage, we double the cur
rent; if we triple the voltage, we triple the current, and so on. 
Since the "curve" is a straight line, the resistor is said to have a 
linear characteristic. 

Some types of semiconductors, special resistors and other de
vices, have a non-linear characteristic curve. Typical non-linear 
curves are shown by the broken and dashed lines. Here, as in the 
simple resistor, current is still proportional to voltage; if we in-
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crease the voltage applied to the device, the current through it 
increases. But the relationship is no longer a simple one. In one 
case (broken line), circuit current increases rapidly up to a point, 
then increases slowly with further increases in applied voltage. 
In the other case (dashed line), the current increases slowly at 
first, then starts to increase rapidly as we approach higher voltages. 
In all three cases, however, the current always increases, however 
little ( or much), with increases in applied voltage. The reverse is 
true, too, for a decrease in applied voltage will result in a cor
responding decrease in current. The three devices which these 
curves represent are all positive resistances. 

Let's take a look, now, at the characteristic curve of the Tunnel 
diode, as given in Fig. 616-b. As the applied voltage is increased, 
circuit current increases until a peak value is reached. Afterwards, 
further increases in voltage bring about decreases in current, 
and vice-versa. This continues until a minimum or valley point 
is reached, at which point circuit current once more starts to in
crease. From this point on, circuit current continues to increase 
with further increases in applied voltage. In the area between the 
peak and valley current values, then, circuit action is just the 
opposite of that in a conventional transistor, and the Tunnel diode 
is said to have a negative resistance in this region. 

Negative resistance is a dynamic characteristic, for it shows up 
only if we consider changes in applied voltage. If we consider the 
steady diode current with a specific applied voltage, even if this 
voltage biases the diode in its negative resistance region, the diode 
still has a real resistance value, which can be determined quite 
easily by applying Ohm's law, and dividing the voltage at that 
point by the diode's current. 

A Tunnel diode is made by unusually heavy doping of the semi
conductors used in forming the p-n junction. Normally, excessive 
doping reduces the diode's reverse breakdown voltage. Theoreti
cally, the limit is reached when the reverse ~reakdown voltage is 
zero, but this does not work out in practice. In the Tunnel diode, 
then, the doping· is so heavy that the diode is still in a reverse 
breakdown co11dilio11 eve11 wit!, a slight forward bias. It is this 
condition which accounts for the first peak in diode current as 
applied voltage is increased. As the forward voltage is increased 
still more, the reverse breakdown condition is more or less wiped 
out by the applied bias, and circuit current drops until the mini
mum or valley point is reached. Afterwards, the Tunnel diode 
behaves like a conventional forward-biased diode. 
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The Tunnel diode derives its name from the speed with which 
current carriers traverse the junction, almost as if there were a 
tunnel through this area. The action is so fast, in fact, that Tunnel 
diodes can be used at frequencies up into the thousands of mega
cycles. 

The Tunnel diode's more important electrical specifications are: 
maximum forward and reverse currents in ma., power dissipation 
in milliwatts, peak current in ma., valley current in ma., peak 
voltage, valley voltage, series resistance, series inductance, tenni
nal capacitance, and equivalent negative resistance. As a general 
rule, a Tunnel diode's quality is indicated by its peak to valley 
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fig. 617. Tl,;, ,;mp!, c;.-,u;t • 1 
actually a transmitter. Tunnel di-
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current ratio. Referring back to Fig. 616-b, this is the ratio of the 
diode's first peak current to its minimum valley current, and gen
erally falls between 4 and 40, with most currently available units 
having ratios between 6 and I 2. 

A typical circuit application for the Tunnel diode is illustrated 
schematically in Fig. 617. Here, the Tunnel diode is used in a high 
frequency FM oscillator circuit as part of a miniature hand-held 
transmitter or Wireless Microphoue. In operation, the instru
ment's basic frequency is determined by tuned circuit Ll-C2, and 
by the Tunnel diode's interelectrode capacity. De operating power 
is furnished by a battery (BI) with the exact voltage needed to 
bias the diode in its negative resistance region determined by a 
voltage divider made up of the carbon microphone's de resistance 
and fixed resistor RI, bypassed by CI. Acting as a negative re
sistance to cancel the internal resistance of the tuned circuit, the 
Tunnel diode maintains the L-C circuit in an oscillatory condition 
once it is shocked into oscillation by an external signal ... or 
simply by the act of applying power. Sound vibrations striking the 
microphone's diaphragm cause instantaneous changes in the 
microphone's effective resi5tance. This, in turn, varies the instan-
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taneous bias voltage applied to the Tunnel diode and its inter
electrode capacity. Finally, changes in the diode's effective capacity 
results in corresponding changes in the resonant circuit's instan
taneous frequency, developing a frequency modulated output 
signal. 

Unijunction transistors 
Originally called a double-base diode, the Unijunction tran

sistor is a transistor by definition only. It has a single junction, 
like a diode-hence its name, Uni (one) junction-rather than the 
two junctions which characterize the triode transistor. The con-
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Fig. 618. U11iju11ctio11 transistor 
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struction of a Unijunction transistor is shown in Fig. 618-a, while 
its schematic symbol is given in Fig. 618-b. This unit consists of a 
bar of one type of semiconductor material (such as n-type silicon) 
with electrical connections at each end and with a wire of one of 
the impurity elements (such as aluminum) alloyed to the bar at 
at a point slightly off-center, where it forms a p-n junction. The 
semiconductor bar is the base, with its two electrical contacts 
identified as Base 1 (Bl) and Base 2 (B2), while the p-n junction 
is the emitter. 

In normal operation, a de voltage is applied across the two base 
connections, setting up a potential drop inside the base bar which 
biases the emitter junction in its reverse, or non-conducting, di
rection. Thus, if a small external voltage is applied between the 
emitter and, say, B 1, little or no current can flow and the emitter 
to B 1 circuit acts like a high resistance or open circuit. However, 
if the externally applied emitter voltage is of the right polarity 
and is increased sufficiently to overcome the internally developed 
bias, current carriers (holes, for example) can be injected from 
the emitter into the base, permitting some current flow through 
the emitter-B 1 circuit. At the same time, the presence of these 
injected current carriers in the base decreases the internal voltage 
drop, reducing the effective reverse bias and permitting the exter
nally applied voltage to become more effective, thus increasing the 
emitter-Bl current still more. This effect is cumulative, with the 
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result that the emitter-BI current increases rapidly up to the maxi
mum that the power supply can deliver. or until the transistor is 
destroyed; to prevent self-destruction, then, it is customary to in
clude a current limiting device (such as a resistor) in the emitter 
de supply circuit. In summary, the emitter-base I junction can be 
switched rapidly from a high resistance to a low resistance state 
by the application of an external voltage. 

Since the Unijunction operation is essentially that of a switch 
from a non-conducting to a conducting state, its operation is 
analogous to that of a gas-filled thermionic tube, or thyratron. 
Like the thyratron, it is useful primarily in switching and relaxa
tion oscillator circuits. A basic Unijunction relaxation oscillator 
circuit is shown in Fig. 619. A single battery Bl, supplies both 
the inter base (BI to B2) bias and emitter voltages. In operation, 
the emitter junction is biased internally in the non-conducting 
state. However, the emitter-BI junction is also biased by the 

Fig. 619. Simple circuit is for 
an e{firie11t sawtooth generator. OUTPUT 

Cl 

RI 

E :: 81 

charge appearing across capacitor Cl. The voltage across this 
capacitor is built up gradually as it is charged by the battery 
(BI) through the current limiting resistor R 1. When the voltage 

across Cl is sufficient to overcome the internally developed re
verse bias, the emitter-BI junction switches rapidly from a non
conducting to a conducting state, quickly discharging the capacitor 
and dropping its voltage until the internally developed bias can 
once more assume control; afterwards, the emitter-Bl junction 
switches back to its non-conducting state, allowing Cl to charge 
once more. This action is repetitive as long as de is supplied. The 
voltage across Cl gradually builds up to a maximum as it is 
charged through RI, then drops suddenly when discharged by 
the Unijunction, then builds up again, and so on, forming what 
is essentially a saw-tooth waveshape. For a Unijunction of fixed 
characteristics, and with a given supply voltage, the oscillator's 
repetition rate (frequency) depends on the RI-Cl time constant. 

Controlled rectifiers 
In a sense, the Controlled Rectifier is somewhat similar to the 
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Unijunction transistor, for both are three terminal semiconductor 
devices primarily suited to switching circuitry. The Controlled 
Rectifier, like the Unijunction, can be switched from a high re
sistance non-conducting state to a low resistance conducting state 
by the application of an external signal. As far as internal con
struction is concerned, on the other hand, the Controlled Recti
fier is more like the Bistable diode we examined earlier. Referring 
to the symbolic drawing of the Controlled Rectifier's construction 
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Fig. 620. Comparable to a -1· 
layer diode with an extra con
nection (gate) the semiconductor 
controlled rectifier has charac
teristics similar to a gas-t,·iode 

or thyratron. 

given in Fig. 620-a, we see that this unit, like the Bistable diode, 
is a multi-layered device made up of four alternate layers of p and 
n-type semiconductor materials, forming three p-n junctions. It 
differs from the Bistable diode in that an electrkal connection is 
made to one of the internal layers, with this serving as the gate 
electrode. The Controlled Rectifier's schematic symbol is given 
in Fig. 620-b. 

If we ignore the gate connection for a moment, the Controlled 
Rectifier's operation essentially duplicates that of the Bistable 
diode. It offers a high resistance to the How of current when volt
ages are applied in either its nominal forward or reverse direc
tions, up to a point. If the applied voltage in its forward direction 
exceeds a specific breakover voltage, the anode-cathode resistance 
drops suddenly to a very low value. From here on, the unit be
haves much like a conventional rectifier, permitting a How of cur
rent in its forward direction, but blocking it in its non-conducting 
direction (cathode positive). Thus, the unit behaves much like 
a standard rectifier, with but a small change-it conducts in its 
forward direction only when the applied voltage exceeds a spe
cific value. 

Now we can consider the function of the gate. A relatively small 
voltage applied to this electrode will cause the Controlled Rectifier 
to switch to its low resistance state, even when the applied forward 
voltage is below the unit's breakover voltage. In other words, the 

140 



gate electrode triggers or fires the device, making it act like a con
ventional rectifier diode. It accomplishes this by injecting carriers 
into the central junction area. Once the Controlled Rectifier is 
switched to a conducting state, it remains in this state indefinitely 
after the removal of the gate signal as long as there is no inter
ruption in its forward (anode) current. Once the anode current is 
interrupted, the unit switches back to its high resistance state until 
another triggering pulse is applied to the gate electrode (or until 
the applied voltage exceeds the breakover voltage rating). 

The Controlled Rectifier generally is made of silicon, although 
other semiconductor materials can be employed. Similar devices 
are made by a number of manufacturers under their own trade 

Fig. 621. Controlled rectifier 
circuit replaces relay in control 
applications. Start and stop push 
buttons can be located some dis
tance from device being con-

trolled. 
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names. It is called a Controlled Rectifier, or Silicon Controlled 
Rectifier (SCR), Trigistor, Trinistor and a Thyrode for instance. 
While these units have differences their applications are so similar 
they can be considered identical. Units, currently available, range 
in size from small types capable of handling a few hundred milli
amperes to heavy duty units with ratings as high as 50 to 100 
amperes, or more. Voltage ratings are as high as several hundred 
volts. The typical gate signal is a pulse of a few hundred milli
amperes at from 5 to IO volts. 

Circuit applications for the Controlled Rectifier are many and 
varied. Generally, the units are used as heavy duty switches or as 
rectifiers in such equipment as battery charging regulators, tem
perature controllers, motor controllers, servo controls, and so on. 
A typical application is shown schematically in Fig. 621. Here, 
a Controlled Rectifier is used as a heavy duty switch. In operation, 
the current through the load device (which may be a motor, heat
ing element, solenoid, or similar device) is limited by the Con
trolled Rectifier. Two control buttons are provided-a Start 
button which applies a signal to the gate electrode, triggering 
the Controlled Rectifier, and a StofJ button which connects a 
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charged capacitor (C) across the unit, impressing a reverse voltage 
on the Controlled Rectifier and switching it back to its high re
sistance state. During operation, the capacitor (C) is charged by 
the IR drop across the load, through a high-value resistor (R). A 
diode connected across the load protects the Controlled Rectifier 
from inductive switching spikes or pulses. A typical unit is shown 
in Fig. 622. 

Spacistors 
The Spacistor is a semiconductor device which retains many 

of the basic characteristics of the transistor, but which utilizes 
quite a different principle in its operation. The Spacistor is very 
small, requires relatively little power for operation, has no fila
ment, and, theoretically, has an almost unlimited life. Its internal 
construction is shown pictorially in Fig. 623. Basically, the unit 
consists of a p-n junction, including the base (B) and collector (C) 
electrodes, to which two additional electrodes have been added (a 
pressure contact injector (I) and an alloyed contact modulator (M) ). 
In practice, the injector and modulator serve as input terminals, 
while the base and collector are the device's output electrodes. 

A basic Spacistor circuit is shown semi-schematically in Fig. 
624. The p-n junction is biased in its non-conducting (high 
resistance) direction by a battery (Bl), connected, through the 
output (LOAD), to the base and collector electrodes. A fairly 
strong electric field, or sjJace-charge region (SC), is set up in the 
area of the junction. Still another battery (B2) biases the in
jector (I) negatively with respect to the space-charge region which, 
for practical purposes, has a voltage approaching that of Bl 's 
positive terminal. Although B2's positive terminal connects 
to I, B2 supplies a lower de voltage than Bl, hence the in
jector is less positive (or, which means the same thing, more nega
tive) than the SC region. Thus, while the injector can emit a few 
current carriers (electrons) into the space-charge region, its emis
sion, and hence its current, is limited by the space charge. The 
other electrode, the modulator (M), is connected to the SC region 
at a point intermediate between the injector and collector elec
trodes and, like the injector, is biased negatively with respect to 
the SC region by the battery B3. From this, we see that the volt
age on M sets up a field which prevents the movement of holes 
from the P-type semiconductor to the SC region; since it ( \{) 
injects few or no current carriers into the SC region in itself, it 
draws little or no current, and presents a high impedance. Now, 
when an input signal is applied to the I and M electrodes, the net 
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effect is to vary the injector's bias voltage up and down in accord
ance with the input signal variations, thus varying its current car
rier emission into the SC region. This, in turn, controls the B-C 
current, developing an amplified signal across the output (LOAD) 
impedance. 

As far as electrical characteristics are concerned, the Spacistor has 
very high input and output impedances and an exceptionally good 
high frequency response. The high input impedance results from 
the negative bias voltages applied to the I and M electrodes which 
keep current flow from these two electrodes into the SC region to 

Fig. 622. The SCR is 111ow1ted 
011 a flat 111t:la/ surface /Jv 111ea11s 
of the threaded stud (thi11 
washers I/Ill)' /Je used for i11s11/a
tio11) to dissipate heat fro111 tlte 

se111ico11ductor material. 

a mm1mum. The high output impedance results partially from 
the fact that the p-n base-collector junction is biased in its reverS<' 
(high resistance) direction, and partially because the modulator, 
located between the I and C electrodes, keeps hole current to a 
minimum. Finally, the unit's excellent high frequency character
istics result from the fact that the current carriers are moved rather 
rapidly by strong electric fields rather than allowed to diffuse 
slowly through the semiconductor crystal. 

Tetrode transistors 
By definition, a triode is an electrical device having three elec

trodes. Similarly, a tetrode is a device with four electrodes. The 
earliest tetrode transistors, like the original triodes, were point
contact units, and were made simply by adding another fine wire 
cat's-whisker, with this additional electrode serving as a second 
emitter. Thus, the point-contact tetrode had two emitters, one base, 
and one collector. ·when used in the common-base circuit con
figuration, the tetrode's operation was somewhat analogous to that 
of a vacuum tube having two control grids and a single plate, 
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in that it had two inputs (emitters) with a common output (col
lector); the unit was useful in mixer and modulator circuits, but, 
like point-contact triodes, was never manufactured in large quan
tities and is no longer in production. 

The low power junction tetrode is in production by at least 
three major manufacturers, while at least one firm has introduced 
a high power (multi-watt) tetrode. The construction of a low 
power tetrode is shown symbolically in Fig. 625-a, while the sche-

MOOULATOR 

Fig. 623. A J1ictoria/ represe11ta
tio11 of the co1111ectio11s to the 

spacistor se111ico11ductor. 

matic symbol used to represent it is given in Fig. 625-b. The 
symbol shown is for an n-p--n tetrode, with the emitter arrowhead 
reversed for p--n-p types. The electrical specifications and maxi
mum ratings of tetrode transistors are comparable to those of 
similar triode units, except for much improved high frequency 
response. 

Basically, the junction tetrode is a triode transistor with two 
connections to the base electrode. It very easily could be called 
a double-base triode, for it has only the two junctions character
istic of triode types. The electrode connections, then, are the emit
ter (E), the conventional base (B 1 ), the second base (B2), and 
the collector (C). In operation, the second base normally is biased 
with a current opposite to that applied to the conventional base. 
This bias sets up an electric field within the base area which repels 
the current carriers (holes or electrons) traveling from emitter 
to collector, and thus forces the major conduction to take place 
in the immediate vicinity of the Bl base lead. By keeping carrier 
diffusion through the base region to a minimum and, at the same 
time, limiting transistor action to an area immediately adjacent 
t~ Bl 's lead, the transistor's high frequency response is extended 
considerably. 

Like the triode, the tetrode may be used in any of the three 
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basic circuit configurations. A typical common-emitter tetrode 
amplifier is shown in Fig. 625-C. Referring to this diagram, con
ventional base bias is supplied base 1 by power supply battery 
B 1 through current limiting resistor Rl. The reverse bias 
necessary for tetrode operation is supplied to base 2 by battery 
B2 through its current limiting resistor R2, bypassed for ac by 
capacitor C2. Battery B3 supplies collector current and Cl 
and C3 serve as input and output de blocking capacitors, respec
tively. The LOAD may be a resistor, coil, primary winding of a 
transformer, or similar impedance. The battery polarities shown 
are for an n-p-n tetrode; all de polarities would be reversed for a 
p-n-p unit. 

In operation, this single stage amplifier performs much like a 
conventional triode stage, except for its improved frequency re-
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Fig. 624. The spacistor can /,e con
sidered a tetrode transistor-it has 
four leads. The injector and modu
lator have different bias values 

applied. 

sponse. Thus, the input signal is applied between the conventional 
base connection (l) and emitter, while the amplified output 
signal is developed across the LOAD and is obtained between the 
collector and emitter electrodes. The second base connection (2) 
is used for biasing only and does not enter into the signal circuits. 

The tetrode need not be restricted to just one mode of opera
tion, however. A variable bias can be applied to the second base 
for gain control purposes, if desired, or, if preferred, both base 
connections may be used as input terminals, giving a stage with 
two inputs and a common output. With the latter arrangement, 
the tetrode is an excellent mixer, converter, or modulator. Finally, 
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the tetrode may be used as a conventional triode simply by allow
ing one of the base connections to float (that is, not connecting 
it into the circuit). Different electrical characteristics are obtained, 
depending on which base connection (1 or 2) is allowed to float 
and which is used, of course. 
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CHAPTER 7 

How to keep out of trouble 
or~ the ~are and feeding of 

Mighty Mites 

Transistors, like military tanks, are pretty rugged devices. Com
pared to a vacuum tube, for example, the average transistor can 
withstand from 30 to 40 times as much vibration and acceleration 
shock and has an operating life hundreds of times longer. 

Mechanical damage can occur if transistor cases are crushed, 
whether in a vise, by being stepped on, or by over-squeezing with 
pliers. Connecting leads or pins can be broken off short or pulled 
out if the worker doesn't exercise reasonable care when installing 
or removing the units. Finally, internal damage can occur if tran
sistors are overheated or used at voltage and current values above 
their maximum ratings. Unless you have a direct pipeline into a 
transistor manufacturing plant and can obtain all the transistors 
you want at no cost, you'll find it worthwhile to follow a few basic 
rules when working with these marvelous, but somewhat tender, 
devices. 

AVOIDING HEAT DAMAGE 
As we learned in earlier chapters, several of the junction form

ing techniques use controlled heat as a means for alloying semi
conductor materials and for establishing impurity (donor and 
acceptor) diffusion through the basic crystalline structure. From 
this, it follows that junction temperatures which approach those 
used in the original manufacturing process may cause a perma
nent change in a transistor's electrical characteristics. In an alloyed 
junction unit, for example, a high temperature may cause the 
alloying or diffusion process to start again, with the emitter and 
collector areas expanding and, eventually, touching each other, 
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thus shorting out the base region; if this happens, the device is 
ruined and is no longer a transistor. 

Thus, transistors and transistorized equipment shouldn't be 
stored next to heat sources, near furnaces, radiators or ovens, for 
example, nor exposed to concentrated heat or light, such as 
spotlights or heat lamps, even for relatively short periods. Many 
a personal portable radio receiver has been damaged when the 
owner left it on the seat or dash of his closed automobile during 
the summer, with the hot sunshine streaming through the car 
windows or windshield and beating on the set's case. Most semi
conductor manufacturers specify a Maximum Storage Tempera
ture for their products. 

As a general rule, silicon and gallium arsenide semiconductor 
devices can withstand higher temperatures without damage than 

Fig. 701. Push-in, spring-loaded 
terminals need no soldering. 
Connections are easily changed. 
Such devices eliminate heat 
problems in experimental hook 

ups. (Vector Electronic Co.) 

can germanium units. But even where heat damage is'not perma
nent, a considerable, although temporary, change may occur in a 
semiconductor device's operating characteristics. A transistorized 
receiver or amplifier which gives excellent performance at average 
temperatures-say, 30°F. to 90°F.-may distort, lack sensitivity or 
power output, squeal or oscillate, or become completely in
operative at much higher (or lower) temperatures. 

In experimental work, soldering and unsoldering of components 
(including transistors) can be avoided by using spring-loaded con
nectors, such as the one shown in Fig. 701. 

Heat sinks 
Transistors and related devices may be damaged by internally 

generated as well as by externally applied heat. Whenever electric 
current flows through a conductor, whether it be a transistor, lamp 
bulb, or a piece of copper wire, a portion of the electric power is 
converted into heat energy by molecular friction, raising the tem
perature of the conductor. The amount of electrical energy con
verted into heat depends on the resistance of the conductor and 
the current flowing through it. Mathematically, the power (in 
watts) converted into heat is equal to the square of the current 
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(in amperes) multiplied by the resistance of the conductor (in 
ohms), or ... 

P (watts) = I"R. 
The fact that electrical energy can be ... and is ... transformed 

into heat so readily is one reason we have fuses (or circuit break
ers) in our buildings. Most house wiring, for example, is 12 or 
14 gauge copper wire, with individual circuits fused for 20 or 15 
amperes, respectively. If excessive current is drawn through the 
wiring, the wire temperature may rise high enough to damage its 
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Fig. 702. Power transistor mounting must provide for heat 
dissipatio11. Mica insulators _are coatrd with silicqne gre"se for 

better co11duction. (Motorola Semiconductor Prod. Inc.) 

insulation, or even enough to set fire to wooden studs or other 
building materials. However, the fuses blow when excessive cur
rent is drawn, thus opening the circuit and preventing a fire. 

·when a transistor, diode or similar device handles a fair amount 
of electric power, the junction current is likely to be moderately 
large. This, in turn, can produce a good deal of heat, raising the 
junction temperature to dangerous levels. Generally, an increase 
in semiconductor junction temperature causes a decrease in re-
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sistance. Under some conditions, a self-sustaining reaction can 
develop which may cause the transistor to destroy itself. For ex
ample, junction temperature increases and its resistance drops, 
permitting greater current flow and thus a further increase in 
temperature, with a corresponding drop in resistance, and a still 
greater increase in current, and so on. Since the current and junc
tion temperature increases quite rapidly once the action starts, 
such a condition is called collector current runaway, or, since 
junction temperature plays a prominent part in the action, thermal 
runaway. Unless special steps are taken to limit circuit current or 
junction temperature to within safe values, the device is soon 
destroyed. 

One effective way to get rid of unwanted heat, thus preventing 
an excessive rise in temperatures, is to absorb the heat with a good 
heat conductor (such as a mass of metal) and then to dissipate 
it into the surrounding environment through radiation and con
vection. In medium and high power (multi-watt) transistors, this 
is accomplished by using several techniques. First, the transistor's 
collector electrode is connected both electrically and physically to 
the unit's metal case. This permits a rapid transfer of heat energy 
from the junction to outside the transistor. Second, the transistor 
is attached to a larger mass of metal (Fig. 702) which absorbs heat 
from the transistor's case and dissipates it into the air. Since the 
metal "gets rid" of the unwanted heat, keeping the transistor 
within safe temperature values, it is called, quite appropriately, 
a heat sink. An additional technique, used where relatively large 
amounts of heat must be dissipated, is to provide external cooling, 
either by means of a fan circulating air across the heat sink or by 
using solid state thermoelectric elements, connected with reverse 
polarity to obtain cooling.* 

In practice, a transistor's heat sink may be a permanent part of 
the device-more or less an extension of its regular metal case
or a separate mass of metal to which the transistor is attached. 
Typical built-in and external heat sinks are illustrated in Figs. 
703 and 704, respectively. ;\lote that radiating fins are provided 
to improve heat dissipation where higher powers are handled. 
Even where a built-in heat sink is used, however, most equipment 
designers will mount the transistor on a metal chassis or plate. 

Temporary heat sinks are used to prevent damage from ex-
* NOTE: Some p-n junctions, properly mounted, will convert electric power into heat when 
current is passed through them with one polarity, but will absorb heat when the current is re
versed. These thermoelectric elements may he used for both heating and cooling, and may be 
assembled in groups or batteries to improve their eflectheness. All-electronic refrigerators and 
air-conditioners have been built with these units. 
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ternally applied heat when transistors are wired permanently into 
circuits (or are removed for tests) . Here the heat sink is clamped 
to the lead being soldered at a point between the transistor's case 
and the point at which the soldering iron is applied, thus serving 
to drain off heat before it reaches the semiconductor junction. 

Fig. 703. For luw-power purposes it is possil,/e to make heal 
fins par/ of the tra11sistor case (left). Sometimes 11wu11ti11g lal,s are 
solidly ntlarhed to the case (right) fo,· attaching to a heat dis -

si/wting mass. 

AVOIDING ELECTRICAL DAMAGE 
Most of the world's great philosophers recommend a policy of 

moderation in all things or, as the "wet" said to the prohibitionist, 
"even too much water is bad for you-you can drown_" The phi
losophy of moderation is as important when handling transistors 
as it is in dealing with life's temptations_ Too much voltage or 
current can ruin a transistor in short order, even if the unit's 
power dissipation or external temperature limits are not exceeded. 
The Maximum Ratings given by semiconductor manufacturers 
are for the user's, not the manufacturer's, benefit. They are not 
pretty numbers used simply to fill up a specification sheet nor al
most meaningless figures to impress potential customers, like some 
auto engine horsepower ratings. They should be taken seriously. 

Excessively high voltages applied to a transistor's electrodes may 
cause various types of damage. Internal arcing may take place, 
either between electrode pins or between insulated elements and 
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the transistor's outer metal case. If the transistor is potted or en
capsulated with a plastic compound, dielectric breakdown may 
occur, with internal leakage paths established. Under some con
ditions, a high voltage may completely destroy a semiconductor 
junction. For example, a high voltage applied between a tran
sistor's emitter and collector electrodes may jmnch through the 
base layer, destroying both junctions. 

Some types of transistors are more tolerant of high voltages than 
others. Occasionally, units may be found which can handle volt
ages well in excess of their nominal maximum ratings. As a general 
rule, transistors having thin base regions, such as SB and related 
types (SBDT, MADT, etc., see Chapter 6), have lower voltage 
ratings and are much more susceptible to voltage damage than 
are alloy junction units. In any case, a good basic rule is to never 
exceed a transistor's maximum voltage ratings, even if for an in
stant. 

In most cases, excessive electrode currents cause some type of 
internal heat damage. A moderately high current continued for 
a while will raise the transistor's junction temperatures and may 
start thermal runaway even where the unit has an otherwise ade
quate heat sink. An extremely large current, even for a short 
period, may melt the internal electrode leads or fuse the junctions, 
destroying the base region and shorting the transistor. This may 
occur even where the high current level is of such short duration 
that the transistor's external (case) temperature does not rise 
much above normal values. Where transistors are used at relatively 
high environmental (ambient) temperatures, it may be necessary 
to derate the units, limiting electrode currents and power dissi
pation to values appreciably below their normal maximum ratings. 

Electrically, the chief difference between J1ower (multi-watt) 
transistors and common small signal types lies in their maximum 
current ratings. A typical small transistor may have a maximum 
collector (or emitter) current rating of from 20 to 100 ma. A 
power transistor, on the other hand, with similar voltage and gain 
(beta) specifications, may have a current rating of from I to I 0 
amj1eres, or more. But whether a transistor's maximum current 
rating is given in milliamperes or amps., your best bet, to avoid 
damage, is to stay well within the specified limits. 

A standard Volt-Ohm-Milliammeter, VOM, or separate meters 
with suitable ranges should be available whenever you are work
ing with transistors, whether testing experimental circuits, as
sembling amplifiers or receivers, adjusting control equipment, or 
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making repairs in factory built gear. The instrument is used to 
check interelectrode voltages and, where necessary, circuit cur
rents, with the measured values compared to the transistor's speci
fications as insurance that maximum ratings are not exceeded. 
Circuit polarity must be taken into account, of course, for p-n-p 
and n-p-n types require different de polarities. As a general rule, 
the instrument chosen should permit de voltage measurements 
from under one volt up to the maximum voltages encountered 
in your circuits, and current measurements from less than 1.0 ma. 
to several hundred milliamperes. When working with multi-watt 
transistors, an ammeter with a maximum range of up to 10 
amperes is quite useful. 

Fig. 704. J.arge cast or extruded alu111i11u111 heat sinks are 
used to helj1 dissipate the heat by rn11vectio11. If the heat 
si11k is i1lsulated fro111 the chassis it is not 11ecessary to use 
other i11.wlators (Fig. 702). The alu111i11u111 1-a,1 be driodized 

to for111 a very thin itlsulati11g coati11g. 

Occasionally, transistors will be damaged in experimental circuits 
even where the de supply voltage is well under maximum ratings, 
where currents are relatively small, and where temperatures are 
normal. In such cases, the damage may be caused by a transient 
(momentary) high voltage spike or quite possibly by a current 

surge when the test set up is turned on and off. A sudden change 
in the current through a large inductance, such as the primary of 
an unloaded iron-core transformer or a heavy filter choke, may 
develop voltages twenty times higher than the de supply voltage. 
A voltage spike can punch through a transistor's base region in 
a flash, destroying the unit. Current surges, as may result when a 
discharged high value capacitor is connected to a voltage source 
(the capacitor acts as a momentary short circuit), can cause dam-
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age too, but are not as common a source of trouble as are voltage 
transients. 

Voltage spikes, where encountered, may be minimized by con
necting a load resistor across the offending component (choke, 
transformer, etc.), or, in extreme cases, by the use of a damping 
diode. Current surges can be eliminated by adding a small resistor 
in series with the circuit. Proper resistor values (or diode types) 
may be determined experimentally to suit individual circuit con
ditions. 

TESTING TRANSISTORS 

Whether or not transistors can go bad is a highly debatable 
point. A semiconductor engineer will state, with conviction, that 
good quality transistors, used within their ratings in properly de
signed circuits, and not subjected to physical or electrical abuse, 
will last indefinitely. An experienced service technician charged 
with the repair and maintenance of transistorized equipment, on 
the other hand, will state with equal conviction that transistors 
can and do become defective in use. Like the five blind men of 
Hindustan groping for the elephant, both are right, yet partially 
wrong. Let's clear up the smog. 

A good quality transistor without latent defects, used well 
within its maximum ratings in a well engineered circuit, will last 
indefinitely, provided it is not subjected to physical or electrical 
abuse, either deliberately or accidentally. 

On the other hand, top quality transistors are not used in all 
commercially manufactured equipment. Transistors may have la
tent defects, impurities introduced during manufacture or assem
bly which gradually poison the unit by establishing internal 
leakage paths or by causing slow changes in the semiconductor 
characteristics. Designers, in an effort at economy, may use tran
sistors at close to (or slightly over) their maximum ratings as is 
often done with tubes. Electrical breakdowns in other components 
-a shorted capacitor, open resistor, or failure of insulation, for 
example-may subject the transistor to electrical overloads. And 
accidents are always possible. An owner may connect the wrong 
type of battery to the equipment, or may connect a battery with 
reverse polarity. Finally, electronic equipment may be subjected 
to physical abuse-may be dropped, left out in the rain, kept near 
a source of high temperature, or used in a corrosive atmosphere. 
As a result, transistors do become defective in use. 
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Transistor defects 

By far the most common transistor defects are: (a) an increase 
in leakage between electrodes, with actual shorts developing in 
extreme cases, (b) an open between electrodes, often caused by 
severe overloads which melt internal connection leads, and (c) a 
severe drop in gain (beta) as a result of latent defects or operation 
in excess of ratings. Less common defects are: (I) an increase in 
gain (which may cause critical circuits to be thrown into oscilla
tion), (2) an increase in internal noise, (3) a drop in the unit's 
high frequency response (rendering it unfit for use in rf circuits), 
and (4) a severe change in operating characteristics (the transistor 
may still be useable, but may require different operating bias 
currents). 

These defects can cause various operational complaints, depend
ing on how the defective transistor(s) is used in the circuit and 
the nature of the equipment. In a receiver or audio amplifier, a 
leaky transistor may cause distortion (garbled sound), low power 
output, and short battery life. A shorted transistor will usually 
"kill" operation (dead set) and may cause a resistor or other com
ponent to burn open. Sometimes, the same basic operational com
plaint may be caused by any of several transistor defects; weak 
operation, for example, may be caused by a leaky or open transis
tor, by a low gain unit, or by a severe change in a transistor's oper
ating characteristics and bias requirements. 

Transistor testers 

Commercial transistor testers may be divided into three groups: 
(a) inexpensive checkers capable of testing for shorts and opens 
and giving approximations of leakage and overall gain (de beta) 
with fixed bias, (b) medium priced units providing more accurate 
tests of leakage and gain, and permitting tests at varying bias 
levels, and (c) expensive laboratory instruments allowing a de
tailed analysis of all important transistor parameters under a va
riety of operating conditions. 

As a general rule, the less expensive transistor checkers are quite 
easy to operate and provide a GOOD-?-BAD type of reading, al
though some units give a numerical indication of gain values. 
The expensive laboratory instruments, on the other hand, are 
more difficult to use and may require the operator to perform a 
series of tests, interpreting the results on a comparative basis. The 
extra effort required for operation pays dividends, however, for 
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the results obtained permit a more detailed analysis of transistor 
characteristics and expected performance. 

Aside from greater versatility, a wider range of test conditions, 
and improved accuracy, there is another important difference be
tween lower cost transistor checkers and laboratory grade analyzers. 
The majority of inexpensive checkers test transistors under static 
conditions, that is, with fixed de bias currents or signals. The 

Fig. 705. Power transistor bei11g tested with 
an ohmmeter. Hand-held resistor limits tran

sistor current to safe ualue. 

laboratory type analyzers, on the other hand, generally test tran
sistors under dynamic conditions with adjustable bias currents 
and known ac signals. Dynamic tests more nearly duplicate the 
transistors' actual operating conditions in a circuit and hence are 
much more valuable. 

In addition to general checks of overall quality and electrical 
characteristics, transistor testers are used quite extensively to select 
individual units with specific parameters. Transistors are manu
factured to rather broad tolerances, and even units of the same 
type number may have ,iifferent gain and leakage values. Where 
transistors are needed with specific characteristics, or where closely 
matched pairs are needed for critical push-pull circuits, the pro
fessional tester provides the user with means of accomplishing the 
job without resorting to trial and error methods. 

Ohmmeter tests 
If a transistor used in a piece of electronic equipment is thought 

to be defective, but a commercial tester is not available, a substi
tution technique may be employed. Here, the suspected unit is 
replaced in the circuit with a new transistor of the same type. 
Unfortunately, the substitution test, while an excellent one, re
quires a rather large (and expensive) stock of replacement tran-
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sistors. As an alternative method, a transistor can be given a simple, 
but usually adequate, check with a standard VOM. The instru
ment's Ohmmeter ranges are used to measure de resistances be
tween the transistor's various electrodes, and these values are com
pared with the expected results based on our general knowledge 
of transistor characteristics. 

Before discussing actual test techniques, however, let's review 
a few basic facts about the transistor's internal construction. In 
discussing transistor operation in Chapter 3, we found that a triode 
transistor, in one sense, may be looked on as two p-n semicon
ductor junctions connected internally back-to-back and sharing 
a common element (the base). A simple p-n junction, of course, 
is a diode and, if in good condition, should have a high resistance 
when biased in its reverse or non-conducting direction and a low 
resistance when biased in its forward or conducting direction. 
Going a step further, it is easy to conclude that the two diode 
junctions making up the transistor can be checked independently 
simply by applying our test leads to the proper pair of electrodes: 
the base-emitter junction is checked by measuring between the 
base and emitter leads. See Fig. 705. 

A standard Ohmmeter has an internal source of de voltage (its 
battery) which may be used to bias a diode junction in either its 
forward or inverse direction merely by reversing the test leads. 

Fig. 706. Ohmmeter readings 
for p-11-J1 transistor tests. 
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HI 

+ -
STEP4 
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With a suspected transistor removed from its circuit, then, the 
test technique is a simple one. 

STEP I. Choose a series type Ohmmeter with an internal 
battery supplying 4.5 volts or less. Select a range permitting 
readings up to 500,000 ohms. Short the leads together and 
zero the instrument. If in doubt about the type of meter, 
connect a 1,500 ohm, ½ watt resistor in series with one of 
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the test leads and deduct its value from subsequent readings. 
This resistor limits the Ohmmeter current through the tran
sistor to a safe value. 
STEP 2. To check the base-emitter junction, connect the 
instrument's leads to the base and emitter pins. Note the re
sistance reading obtained and reverse the leads. One of the 
two measurements should be from 5 to 100 times higher 
than the other. 
STEP 3. To check the base-collector junction, repeat Step 2, 
but connect the Ohmmeter leads to the transistor's base and 
collector pins. Again, be sure to reverse the Ohmmeter leads 
to obtain two measurements. 
STEP 4. For a final check, connect the test leads to the emit
ter and collector leads and repeat the two measurements. 

If identical resistance readings are obtained when the Ohmmeter 
leads are reversed in either Step 2 or 3, the junction checked is de-

OHM+ -
METER 

Hi LO 
NPN c - + 

B OHM 
METER STEP4 

Oi1M _ HI HI 

Fig. 707. 0/1111111eter readings 
for 11-p-11 /ra11sistor tests. 

METER + -
HI LO 

STEP2 

fective. If the two readings are both low, the junction is either 
leaky or shorted. If both readings are very high, the junction is 
partially open. In either of these cases, the transistor is defective 
and should be discarded. As a general rule, the higher the ratio 
between forward and reverse resistances, the better the diode junc
tion. A good quality junction may have a forward to back ratio 
as high as 50 to I 00 to one. 

The final test, Step 4, is used to check the two diode junctions 
in series. Both resistance measurements (forward and inverse) 
should be moderately high but, in some cases, one reading may be 
appreciably higher than the other. The ratio will not be nearly as 
high as that obtained when the junctions are checked individually, 
however. If the two resistance values are the same, or one is larger 
than the other, the transistor is probably in good condition, pro
vided satisfactory results were obtained in Steps 2 and ;3. H the re-
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sistances are quite low, however, the transistor is leaky, and there 
may be an internal short between the emitter and collector elec
trodes. In this case, the transistor is defective. 

Actual resistance values m':'asured will vary considerably from 
one transistor type to another. Small signal transistors generally 
have forward resistances of a few hundred ohms, or less, and in
verse resistance running into the tens of thousands of ohms. Power 
(multi-watt) transistors have much lower forward and inverse re
sistance values, but the ratio between the two readings is about 
the same as those of smaller units. 

The basic steps involved in carrying out the Ohmmeter test are 
summarized schematically in Fig. 706. Note that whether a high 
(HI) or low (LO) resistance measurement is obtained ... assum
ing the transistor to be in good condition ... depends on the de 
polarity of the test leads, the _junction checked, and whether a p-n-p 
or n-p-n transistor is tested. Relative readings for p-n-p transistors 
are indicated in Fig. 706, for n-p-n units in Fig. 707. 

An important point before closing this Chapter-the Ohmmeter 
test simply indicates whether or not the transistor is an operable 
unit-that is, whether it is excessively leaky, shorted, or open. This 
test does not indicate the transistor's gain, its power handling ca
pacity, its noise level, nor its frequency response. Therefore, it is 
not a complete substitute for more sophisticated tests using com
mercial transistor testers. But it is a good test to know and to be 
able to use. 

FUTURE DEVICES 

At this point, you may have started to wonder about the length 
of this book ... about the number of transistor and semicon
ductor devices which are being manufactured, and about how 
many more devices will be described before we can sum up with 
... and that covers all the semiconductor devices which you will 
ever encounter. Fortunately (or unfortunately, depending on your 
viewpoint), we can not make such a statement. Even as this is 
being written, even as you, the reader, are scanning the printed 
word, new semiconductor devices are being developed, new units 
have passed the development stage and are being manufactured, 
and theoretical physicists are exploring still newer paths of semi
conductor device design. The general field of semiconductors is a 
vibrant, growing, dynamic field. In a sense, the surface has been 
barely scratched as far as overall potential is concerned. The 
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future will see new techniques, new devices, and improved ver
sions of existing devices. 

Along with improvements and refinements in manufacturing 
technique will come the development of special purpose semi
conductor devices, units which are not new in the sense of the 
Tunnel diode or Spacistor, but which represent straight-forward 
adaptations and modifications of existing designs. For example, 
several firms are planning (or are now producing) junction tran
sistors in which the emitter and collector electrodes have identical 
characteristics, permitting them to be used interchangeably in cir
cuit design. As an auxiliary feature, these units can be used to 
design bi-directional amplifiers when used in the common-base 
configuration. In other cases, manufacturers are adding additional 
electrodes to simplify circuit design or to permit the readjustment 
of internal bias values for optimum operation. Along these lines, 
one firm has introduced a double-emitter transistor; such a unit 
is especially valuable for use in mixer and converter circuits. 

Still another path of development involves combinations of 
known devices into a single unit, for example, producing comple
mentary transistors, in which p-n-p and n-p-n types are combined 
and direct-coupled in a single case, resulting in a high-gain tran
sistor. Several transistors have been combined into a single pack
age, developing a unit analogous to multifunction vacuum tubes. 
A composite transistor (a multi-element device) has been devel
oped that has the external characteristics of a single transistor, 
with emitter, base, and collector electrodes, but which, internally, 
is equivalent to a multistage, thermally compensated direct-cou
pled amplifier. The result is a transistor-like device with a beta 
of up to 30,000 or more, as compared to betas of, at the most, a 
few hundred for more familiar transistors. 

As to the future? Your own imagination is probably as good a 
guide as any. Given a need, a technical requirement, or a goal 
and there's a good chance that scientists and engineers will deliver 
the goods! 
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