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Preface

TRANSISTOR development continues unabated, no less today than
when these remarkable devices were first made available to the engi-
neering fraternity somewhat more than a decade ago. So rapid has
been the flow of new forms of transistors that a complete revision of
this book was required. The revision has been extensive, in many in-
stances to the extent of a virtual rewriting of entire chapters. All mate-
rial deemed no longer applicable to present devices was deleted; all
characteristics and circuits have been updated and a considerable
amount of new material has been added.

The scope of transistor application is as wide as engineering in-
genuity. Already, this remarkable speck of dust has usurped many
of the roles of the vacuum tube in electronic equipment from minia-
ture pocket radios to room-filling computers. There is no segment of
the electronics field in which it cannot or will not be used, and it is
necessary that everyone who has any interest in this field hecome
intimately acquainted with this amazing device.

This book is written for electronics technicians and all other tech-
nical workers who desire to gain a working knowledge of transistors
and transistor circuits. The discussion starts with modern electron
theory and then progresses to the operation of diodes and transistors.
Chapter 3 contains a fairly extensive examination of a variety of
transistor tvpes, sho\ving the historical progression from the 'arl_v
transistors to the units that are now apable of operating far into
the megacycle region. As this story unfolds, the reader is able to
perceive clearly the complete dependence of product development
on fabricating techniques and how laboriously obstacles must be sur-
mounted step by step. Chapter 3 is followed bv a series of chapters
in which a variety of transistor circuits are analyzed. All circuit ex-
planations employ the highly successful step-by-step approach, start-
ing with the simplest facts and proceeding gradually to the more
complex. No mathematics of any difficulty is used in the text.

Chapter 9 focuses attention on the growing number of transistorlike
devices whose behavior is markedly different from the triode transistor.
These include the tetrode transistor, the PNPN transistor, the uni-
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vi PREFACE

junction transistor, and the now-famed tunnel diode, among others.
A considerable section is devoted to the tunnel diode because of its
potential range of applications. In Chap. 10, there is a discussion of
the various precautions to observe when servicing transistor circuits
and transistor devices. A method of approach to the servicing of all
such units is also given. In Chap. 11, a series of simple and easily
worked transistor experiments are included for readers who may wish
to learn of transistor operation firsthand. To the practical man, this
is valuable experience. In Chap. 12, the reader is introduced to
transistor circuit design, and this chapter should make the behavior of
transistors in various circuits and at different frequencies better un-
derstood. For those readers who wish to become generally familiar
with circuit design, this chapter will provide all the information re-
quired; for those who intend to engage in circuit design, Chap. 12
will serve as a gateway to the more advanced texts available.

The book can be used in technical institutes, electronics schools,
vocational-technical schools, armed-service schools, industrial-train-
ing programs in electronics, or for home study. Questions are in-
cluded for each chapter to be used by an instructor to test the
progress of a student or as a form of self-test for those studying alone.

The author wishes to extend his appreciation to the many com-
panies in this field, among them the Radio Corporation of America,
Philco Corporation, Western Electric Company, Admiral Corporation,
and Howard W. Sams & Co., Inc., of Indianapolis, Indiana, for the
data and material which they so graciously provided. The author is
also indebted to Philip Thomas of the Lansdale Division of the Philco
Corporation for his aid in supplying valuable transistor information
and for his many critical comments.

MirtoN S. KIVER
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CHAPTER

Introduction to Modern

Electron Theory

THE STORY of the transistor is, in large measure, the story of matter
and how the scientists at the Bell Telephone Laboratories have been
able to make that matter amplify electric cwrrents. If the transistor
served no commercial end, it would still he important for its contribu-
tion to our understanding of matter in the solid state. It demonstrated,
for the first time in history, that man can achieve amplification in a
solid, a feat which heretofore could be accomplished only by using
vacuum tubes. If we consider the vacuum tube as man’s first significant
advance into the field of communications, then the transistor must
certainly be heralded as man’s second most important step. For here,
surely, is as radical a departure from what has heretofore been done
as the invention of the triode by Dr. Lee De Forest in 1906.

The invention of the transistor is officially credited to John Bar-
deen, William Shockley, and W. 1. Brattain, three scientists working
for the Bell Telephone Laboratories. The first public announcement of
the transistor was made in June, 1948, Thus, in terms of time, the
transistor is barely out of its infancy. In terms of application, how-
ever, it must be classed with the vacuum tube. And while there is no
imminent prospect that it will completely replace the vacuum tube,
the transistor has nevertheless made serious inroads in a field that
was once exclusively the province of the vacuum tube.

The most obvious attractions of transistors lic in their higher operat-
ing efficiency and smaller size than comparable electron tubes. Not
quite as obvious, but nonetheless as attractive, is the ability of transis-
tors to operate at extremely high frequencies. (Kilomegacvele transistors
have been developed by several manufacturers. This is far above the
operating range of any conventional vacuum tube.) A transistor, l)ving
a solid, requires no special envelope surrounding a vacuum; further-
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2 TRANSISTORS

more, it requires no filament heating element to serve as the provider
of electrons. The latter fact alone represents a considerable saving
m power, since in most standard receiving tubes as much or more
power is frequently expended in heating the filament as in drawing
current through the tubes. For example, in a 6CB6, the filament re-
quires a current of 0.3 amp at an applied voltage of 6.3 volts. This
represents a power dissipation of 6.3 X 0.3, or 1.89 watts. For typical
operation as an amplifier, plate current is about 9.0 ma when the
plate voltage is 200 volts. The power dissipated in this circuit is equal
to 200 X 0.0090, or 1.8 watts. Elimination of the filament would re-
duce the overall power needs of this amplifier by half. Actually, in
most applications, the power saving is greater than this because of the
higher efficiency of the transistor. For example, with a transistor
operated at the conventional collector current level of 5 ma and a
collector voltage of 6 volts, the power dissipated is 30 mw. This com-
pares with the 3.7 watts indicated above for a 6CB6. Add to this
a volume which is on the order of one-thousandth that of a vacuum
tube and a weight which is reduced by a factor of 100 and the attrac-
tiveness of the transistor becomes quite evident.

Operation of vacuum tubes depends upon the flow of electrons from
filament to plate and the control of this flow by intermediate grids.
Operation of the transistor is also largely dependent upon an eclec-
tron®: flow, although there are considerable differences between the
two units. In order to appreciate these differences, it is best to review
what we know concerning the structure of matter and the role the
electron plays in that structure.

Atoms and Molecules

Every substance or material that we come in contact with or which
is known to man can be divided into particles known as molecules.
These are the smallest segments into which a substance can be divided
and still retain all its individual characteristics. Molecular units are
so minute that we have not been able to devise instruments which
will enable us to see them, and it is doubtful that we ever shall. In
order to see something which is extremely small in size, we must de-
sign an instrument, such as an optical microscope or electron micro-
scope, which will detect this “something” and then enlarge it so that
we, with onr gross (‘yosight, shall be able to see it. li\'vry instrument
we use, however, is itself composed of molecular building blocks. How,
then, could we distinguish between the molecules of the substance we
are checking and the molecules of the instrument? Thus, although it is
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unlikely that we shall ever see a direct picture of a molecule, highly
refined indirect methods have been developed for determining molec-
ular structure so that we know quite a bit about it.

We know, for example, that the molecule of a substance may con-
sist of a single element of nature or a complex association of a num-
ber of elements. Chemists and physicists have discovered over a
period of hundreds of years that there are more than 100 different
clements which, either singly or in combination, make up all the
matter on this planet. This figure is not a static one but has gradually
been raised as man’s knowledge and scientific know-how have
broadened. Although it is unlikely, the number of clements may cx-
pand much more. The most familiar elements are hvdrogen, oxygen,
gold, silver, nickel, copper, iron, etc.

Most substances are formed of two or more elements. Thus, water
consists of hydrogen and oxygen; common table salt is formed of
sodium and chlorine; alcohol is a combination of hydrogen, oxygen,
and carbon. Substances can also consist of a single element. This is
true of oxygen gas, gold, silver, copper, lead, etc.

A molecule, then, is the smallest portion of a substance which re-
tains all of the properties of that substance. But what of the elements?
What do they consist of? If we arc considering the smallest portion
of an element that is still identifiable as that element, then we get
down to the atom. Each different element is represented by a different
atom.

Atomic Structure

Thus, as we tread our way down the scale of size, we come first to
molecules, then to the elements that compose the molecules, and
finally to the atoms which represent the elements. When we investi-
gate atoms, we find that they consist of a centrally situated nucleus
with a net positive charge surrounded by a number of electrons which
revolve about the nucleus. The central positive charge is said to be
due to protons, while each of the electrons has a negative clectrical
charge. In a stable atom, the positive charge of the nucleus is exactly
counterbalanced by the total negative charge of the externally re-
volving clectrons. The net electrical charge is zero, and this is the
conventional state of most atoms.

The atom possessing the simplest structure is hydrogen. It consists
of a positive nucleus containing a single proton. Revolving around this
proton is a single electron. The illustration most commonly emploved
for the hydrogen atom is shown in Fig. 1-1. Actually, we have learned
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enough about atomic structure to know that Fig. 1-1 is a highly sim-
plified picture of the hydrogen atom. llowever, we would not gain
any greater understanding of transistor action by modifying this il-
lustration to conform to more recent theories, and its simplicity does
impart an understanding that might not be obtained otherwise. Hence
we shall remain with this, the more classic method of representation.

Helium follows next in order of complexity, and its atomic struc-
ture is indicated in Fig. 1-2. The central positive charge is 2, indicating
two protons, and this charge is offset by having two clectrons rotating
about the nucleus. Each element then follows in numerical turn, with

(ELECTRON)
ELECTRON 1
+2
+
NUCLEUS PROTONS
(1 PROTON)
-1
(ELECTRON)
Fig. 1'1  The structure of o hydrogen otom. Fig. 12 The otomic structure of helium.

the central positive charge increasing in steps of 1 and being elec-
trically counterbalanced by additional electrons revolving in paths or
orbits about the nucleus. It can be appreciated that the nucleus and
the associated electrons soon attain a highly complex structure.

The electrons which revolve about the nucleus do not follow random
orbits; rather, they fall into definite energy levels. These levels may,
for simplicity, be visualized as shells, cach successive shell being
spaced at a greater distance from the nucleus. The shell, or energy
level, closest to the center carries a single electron (as in the hydrogen
atom) or two electrons (as in helium and all other atoms). These elec-
trons may rotate at any angle about the nucleus, but they are more
or less bound to remain within the confines of the shell.

When we reach the third element, lithium, we find that the nucleus
has a positive charge of 3, which is electrically counterbalanced by 3
negative electrons revolving around the nucleuns, Fig. 1-3. Two of
the electrons revolve about the center within the boundaries estab-
lished by the energy level, or shell, just mentioned for the hydrogen
and helium atoms. The orbit of the third electron, however, is much
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farther removed from the nucleus, and the third electron may be said
to operate within another level which is entirely distinet from that of
the first shell. This second level has been found capable of holding up
to a maximum of 8§ clectrons, a condition that is achiceved in the ele-
ment nceon. Neon, with a positive charge of 10, has 2 electrons in the
first shell and 8 electrons in the second shell, Fig. 1-4. Thereafter,
additional electrons start filling up a third level which can hold 18
electrons and then a fourth level which can hold 32 electrons. Beyond
this, there are two additional shells, but these are never entirely filled

2nd LEVEL

ELECTRON

Fig. 1'3 The atomic structure of lithium. Fig. 1'4 Neon, with o positive nuclear
charge of 10, has 2 electrons in the first shell
and 8 electrons in the second shell.

because there are only 101 elements in all. Hence, we do not actually
know just how many electrons they could hold.

Comparison of Atomic Structure and Solar System

The structural arrangement of an atom, with the central nucleus and
the revolving electrons, has often been compared with our own solar
system, Fig. 1-5. In this analogy, the atomic nucleus is equivalent to
the sun and the revolving electrons are equivalent to the planets.
Actually, many differences exist between the two systems, as the reader
can appreciate. In the solar system, each planet follows its own path
independently of the others; no two planets are equidistant from the
sun. In the atom, the electrons revolve at certain specific distances for
which we have used the name “shell.” It must be recognized, of
course, that there is nothing physical about these shells. They merely
represent certain encrgy levels, and each level can carry a certain
number of electrons.

It is also important to note that even in atoms containing large num-
bers of revolving electrons, there is still more empty space than there
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is solid material. The nucleus is rather closely packed, and it contains
practically all the mass of the atom. Electrons provide only a negligible
portion of the atomic weight, even though their combined electrical
charge is equal to that of the far heavier proton.

To emphasize the relatively great distances that separate the nucleus
and the first shell of electrons, it has been estimated that if we were to
enlarge a helium atom so that the central nucleus attained the size
of a golf ball, we would find each of the electrons to be as large as tennis

Fig. 1'5 The solar system. In o limited sense, the central nucleus of an atom may be compared to
the sun and the electrons may be compared to the planets,

balls situated about 20 miles away. Thus, it is readily possible for
two atoms to pass through each other’s system without coming into
physical contact with each other. / !

Composition of Nucleus

The central nucleus has been indicated to consist solely of protons.
Actually, this is true only for the element hydrogen. As the elements
increase in atomic number, it is found that the nucleus may contain
electrons as well, with each such electron paired off with an offsetting
proton. The net electrical charge of this combination is zero, and
hence it does not influence the net positive charge of the nucleus. To
achieve this charge, we must have unattached protons. Thus, when
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we say that a nucleus has a positive charge of 15, for example, we
mean that it has 15 “free” protons. Actually, there may be more protons
in this nucleus, but cach of those bevond 15 has its charge neutralized
by an electron which is hbound to it within the nucleus.

This combination of a proton and a closely bound electron is called
a neutron, the name stemming from the fact that the electrical charge
is zero or neutral. In the lighter clements, those with relativelv small
numbers of revolving electrons, the number of nuclear neutrons is
generally equal to the number of free protons. However, as the atomic
number increases, the number of neutrons rises faster than the num-
ber of free protons. A neutron adds as much mass to an atom as a
proton and hence is an important factor in the overall weight of an
element. Actually, each neutron adds somewhat more mass than a pro-
lon because a neutron pussesses an electron too.

It may be added that in recent years, a number of additional par-
ticles have been discovered in the nucleus. The meson and the neu-
trino are two examples of these particles. The meson mayv have a
positive or negative charge, while the neutrino is devoid of charge.
The mass of each particle is quite small, scarcelv enough to be a
significant factor in the overall atomic weight of the element.

The foregoing discussion has heen given in some detail so that the
reader will better understand transistor operation. The transistor is a
solid-state substance composed essentially of atoms of germanium
arranged in a definite geometric pattern or lattice, The flow of current
through this substance depends upon our ability to dislodge electrons
from the outer shells of the various germanium atoms. Ilence, it was
first necessary to understand how the electrons are distributed around
the nucleus of an atom. Now, with this appreciation, we can turn our
attention to additional data concerning electron behavior in atoms.

Electron Behavior in Atoms

It was noted in the preceding discussion that the electrons filled the
first shell first, then the second shell, then the third shell, etc. In a
stable atom, no clectrons exist in an outer shell unless the inner shells
are completely filled. (This is true of the first three shells; in the fourth
and higher shells, there is less tendency to follow this rigorous pat-
tern, probably because, with increasing distance, the influence of the
nucleus on the outer electrons decreases rapidly.) Furthermore, a
shell is in its most stable state when it carries a full complement of
electrons. For the innermost level, this means 2 electrons; for the next
shell, this means 8 clectrons; cte. It has been found that elements
whose onter ring is not complete are more chemically active than
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elements whose outer ring is complete. A good illustration of the
former type of element is sodium. The atomic number of this clement
is 11, and the two inner rings or shells are each filled to capacity
(i.e., 2 and 8 electrons, respectively). The third ring contains 1 elec-
tron, and since sodium would be more stable without any electrons in
this third ring, we find that sodium is chemically active because it
readily loses or gives up this sole electron. As a matter of fact, sodium
is so anxious to give up its extra electron that it is never found by
itself in nature. A suitable element that combines readily with sodium
is Huorine to form sodium fluoride. These two elements react partic-
ularly readily with each other because fluorine (atomic number 9)
has 7 electrons in its second ring and the addition of 1 electron com-
pletes this ring. Thus, one way of looking at this combination is to
consider the sodium atom as giving up its lone third-ring electron to
form a stable atom having two completed rings or shells while
fluorine receives this extra electron and it, too, forms two complete
shells.

Another explanation of this combination is to say that sodium and
fluorine share these additional 8 electrons, permitting each to have a
completed outer ring. That is, fluorine uses the 1 sodium electron to
complete its second shell while sodium uses the 7 fluorine electrons to
complete its third shell. The latter view is perhaps the more realistic
one, since obviously the sodium and fluorine atoms (in the sodium
fluoride salt that is formed) do not leave one another but rather co-
exist in a crystal structure. This view will also provide a better insight
into transistor action, because electron sharing is an integral part of
the germanium crystal.

From this “desire” on the part of an atom to attain a state in which
its outer shells possess a complete complement of electrons, we can
also surmise that atoms in which this is naturally true will be extremely
stable and “well-satisfied” and will not enter easily into chemical com-
bination with other elements. There are six such elements: helium,
neon, argon, krypton, xenon, and radon. In helium, the first ring is
complete with 2 electrons. In neon, the next heaviest of these atoms,
there are 2 electrons in the first shell and 8 in the second shell. Argon,
the third inert element, has 18 electrons divided into three shells. The
first shell is complete with 2 electrons, the next shell has its full quota
of 8, and the third shell has § electrons. Since the maximum capacity
of the third shell was previously indicated to be 18, it would appear
that in argon this shell is not complete. This is not true, however, be-
cause it was found that all shells beyond the first one can be divided
into subshells, Fig. 1-6. For the second main shell we have two sub-
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shells, one holding a maximum of 2 electrons and one a total of 6
clectrons, Note that the total previously given for this second shell,
8, still holds, but the 8 clectrons are divided into two subshells of
2 and 6.

For the third main shell, the maximum number of electrons is 18,
divided into three subshells of 2, 6, and 10. In argon, the first two sub-
shells are complete, and this has the same stabilizing effect as though

ZR

NUCLEUS

Fig. 1:6  All energy levels or shells beyond the first, the K shell, are divided into subshells. Each
group of shells is designated by a different letter beginning with K and followed by L to Q. The
first subshel! of any group is given the letter s; the second subshell, p; the third subshell, d; and the
fourth subshell, f. It is thought that no known element possesses more than four subshells. The
arrangement shown is for the element germanium.

we had completely filled all three subshells. [This behavior also ex-
plains why sodium is “satisfied” when it shares its electron with
fluorine’s 7 electrons in its (sodium’s) third shell. What happens is that
the first and second sublevels of the sodium third shell are filled.]
The atomic number of inert element krypton is 36, and here all sub-
levels of the first three main shells are filled with electrons. In addi-
tion, two sublevels of the fourth main shell are filled with electrons.
The chemical behavior of any element, then, is directly related to
the number of electrons contained in its outermost atomic shell and
how close this shell comes to being filled. If the shell (or one or more
of its sublevels) is filled, the atom needs no additional electrons and
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therefore has no tendency to enter into chemical combination with
other elements. 1f the shell is not filled, the atom does seck other
clectrons and we say it is chemically active. Because of the importance
of these outermost electrons, they are given the special name of
valence electrons. Further, the shells or energy levels they occupy are
called valence levels.

Chemical activity can also be related to clectrical conductivity, be-
cause an atom whose outer ring is filled shows no tendency to part
with any of its electrons. Since we need free electrons to obtain an
clectric current, the inert elements are insulators. On the other hand,
atoms which part easily with an electron in order to end up with a
complete shell make good conductors. Copper, for example, has an
atomic number 29; this means that all subshells of the first three main
shells are completely filled (i.e., 2, 8, and 18), leaving 1 electron for
the first subshell of the fourth ring. It is fairly easy to take this electron
away from copper, and hence copper is an excellent conductor of elec-
tric currents.

Note that if we were to attempt to take away more than 1 electron
from an atom of copper, we would have to apply a considerably
greater amount of energy. This is because the second electron would
have to come from a complete ring, and since this is a particularly
stable condition, the atom would resist the removal with tenacity.
If we applied enough energy, however, the electron removal could
be accomplished.

Electron Removal

When one or more electrons are removed from an atom, that atom is
no longer electrically neutral in charge. If we remove 1 electron, the
nucleus has one more positive charge than the outer electrons and the
overall charge is +1. The atom has now become what is known as an
jon; in the present illustration, a positive ion.

It is also possible for an atom to gain an electron, and when this
occurs, the overall electric charge becomes —1. The atom in this
instance becomes a negative ion. Situations such as this occur when
an atom needs one more electron to complete a ring. It then attempts
to obtain this additional electron from some other element, particularly
one posscssing a lone electron in its outermost ring.

Energy is required to remove an electron from an atom. That is,
atoms do not part with any of their electrons unless they are forced
to do so, and one way to pry an electron loose is to provide it with
enough energy to escape from the attractive force of the positive
nucleus. Commonly used forms of energy, particularly in electronic
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deviees, are electrice fields, heat, light, and bombardment by some other
particle. In wires, for example, we force the copper atoms to give up
an clectron cach by applying an emf across the ends of the conductor,
Fig. 1-7a. In a vacuum tube, we heat a cathode until the outer-ring
electrons have absorbed cnough energy to escape from their respec-
tive atoms and leap into the interelectrode space, Fig. 1-7b. There they

FREE UNBALANCED UNBALANCED
ELECTRON ATOM 3 EMITTER 53
COPPER :
ROD HEATER \[ :
° g L
LENS @y
NUCLEUS
FREE ELECTRON IRE
ATTRACTED FROM i
ATOM 1 TO UNBAL. 28 8%
ANCED ATOM 2, ETC. g8 5%
(@) ()

PHOTOELECTRIC CELL

AMPLIFIER

- i
LIGHT |
SOURCE A

|

4

|

4

ELECTRONIC
FLOW

Fig. 17 Several common methods of separating electrons from their atoms.

are attracted by a positive emf on the plate, and thus we get a flow
of current through the tube and the outer circuitry of the system.
Light, as an activating agent, is employed in photoelectric tubes; the
energy which light rayvs bring to the atoms of the photoelectric cell
enables some of the electrons to es ape from their atoms and again
reach a positively charged anode, F ig. 1-7c.

Finally, bombardment to produce ions is the basis of operation of
gaseous tubes such as the thyratron. Thus, ionization is important to
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the electronics industry. And ionization, no matter where it occurs,
is due to a transfer of energy from one substance to another.

The Quantum Theory

The mechanism by which bound electrons are freed has been the
subject of a considerable amount of investigation, and certain facts
which are important to us in our study of transistors have been dis-
covered. For example, it has been revealed that when we supply
energy to an electron held in an atom, we must supply a definite
amount of energy in order for it to have an effect on the electron.
The various shells in an atom represent definite energy levels, and
in order to move an electron from a lower shell (or subshell) to a
higher shell, a certain amount of energy is required. Failure to pro-
vide enough energy to the electron will cause it to remain at its
present level. This is true even if the energy provided is just barely
shy of the required amount.

If more than enough energy is provided for the electron to leave its
orbit and move to the next higher level, then the excess will be to
no avail unless enough extra is provided to enable the electron to
move to a still higher shell. In other words, energy is required in
definite, discrete amounts called quanta, and the electrons can receive
these quanta only in whole numbers, such as 1, 2, or 3 quanta.

Electrons can lose energy as well as receive it, and when an elec-
tron in an atom loses energy, it moves to a level which is closer to
the nucleus. This lost energy may appear as heat, as in a conductor
when current is passed through it, or as visible light, as in a gaseous
tube. In the latter devices, the light emitted by the electrons of the
gas molecules produces a visible haze. In fact, one of the ways of
recognizing gas in a vacuum tube is by the bluish light which sur-
rounds the filament. This merely represents electrons returning from
some outer shell to an inner shell.

Different elements have different energy levels for their electrons,
and, consequently, the amount of energy absorbed or released varies
as the electrons move from level to level. This accounts for the differ-
ent-color light emitted by various substances when they are excited.
Heating sodium over an open flame produces a characteristic yellow
light; neon gas, when activated in electric signs, emits an orange-red
glow. The energy required to produce red light is less than the energy
needed to produce blue light. This is because the energy in a quanta
bundle depends on frequency and red has a lower frequency than
blue.

In gases, electrons of one atom tend to act independently of the
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electrons of other atoms. In solids, however, the forces which bind
atoms together greatly modify the behavior of the associated electrons,
and here we are dealing with the aggregate action of many electrons
rather than with individual electrons, One direct consequence of the
close proximity of atoms in a solid is to cause the individual energy
levels which exist for an isolated atom (depicted in Fig. 1-6) to bréak
up to form bands of energy levels. Within the bands, discrete per-
missible energy levels still exist, but the act of bringing many atoms
close together has produced many more permissible energy levels. It
has also caused some energy levels to disappear.

ENERGY ENERGY
OF AN OF AN
ELECTRON ELECTRON

CONDUCTION BAND

No.5 —
No.4
No.3
FORBIDDEN
ENERGY OR No.2 REGION
auantum "
LEVELS No. 1 —
N0, ;/ / / 7 //é

7

Z ke BAND
/777 / ////,
{a) (6)

Fig. 1'8 () Energy levels in an isolated atom. (b) Energy bands in o solid.

Thus, where before, in an isolated atom, we had an energy-level
arrangement such as that shown in Fig. 1-8, in a solid material we
find bands of energy as shown in Fig. 1-8). As a matter of fact, only
the three upper bands are shown in Fig. 1-8h. Additional energy
bands exist below the valence band, but since these are not important
to an understanding of semiconductor behavior, they will not be
shown or discussed.

The uppermost band of Fig. 1-8D is the condnction band. When
electrons are found there, they can be readily removed by the applica-
tion of external electric fields (developed by the application of elec-
tric voltages). When a material has many clectrons in the conduction
band, it acts as a good conductor of electricity.

Below the conduction band is a series of energy levels that collec-
tively form the forbidden band. Electrons are never found in this band.
Electrons may jump back and forth from the bottom valence band to
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the top conduction band, but they never come to rest in the forbidden
band.

The valence band is formed by a series of energy levels containing
the valence electrons. These electrons are more or less bound to the
individual atoms; hence, their range of movement is somewhat re-
stricted, certainly far more so than the range of movement of electrons
in the conduction band. It is possible to move electrons from the
valence band to the conduction band by the application of energy,
generally thermal energy. This movement happens to a certain extent
in semiconductors, and we shall be covering this point more exten-
sively in subsequent discussions. Of more immediate interest is the
fact that the extent of the forbidden band, or the separation between
the conduction and valence bands, will determine whether a substance
is an insulator, semiconductor, or conductor. Figure 1-9 shows the
difference between insulators, semiconductors, and conductors in
terms of their three bands. Figure 1-9a is called an “insulator” because
of the wide extent of the forbidden band. The wider this band, the
greater the amount of energy which must be fed to any electron in
the valence band in order to bring it up to the conduction band
where it can be employed as a carrier of electricity. Obviously, in an
insulator a lot of energy is required to get even a minute amount of
current through the substance.

In a semiconductor, the extent of the forbidden band is smaller,
Fig. 1-9h, which means that less energy need be fed to the electrons
in the valence band in order to bring them through the forbidden
band and into the conduction band. Hence, in semiconductors, more
current will flow for a certain applied voltage, although this current
will not be as large as we would obtain in a conductor.

The third illustration, Fig. 1-9¢, is for a conductor. Ilere we sce
that the valence and conduction bands overlap. It now takes a very
small amount of energy to move electrons into the conduction band,
and, consequently, electricity is readily passed by conductors. All this,
of course, is common knowledge; what is not so universally known is
how the various energy levels within a molecule cause the molecule
to act as an insulator, semiconductor, or conductor. That is where the
quantum theory so admirably fills in the gaps.

The side axis of cach of the three illustrations in Fig. 1-9 is labeled
simply as “Energy.” It is the generally accepted practice for physicists
to use electron volts as a convenient measure of energy. One clectron
volt is the energy acquired by an clectron in falling through a poten-
tial difference of 1 volt. If we use this method of measuring energy,
then the width of the forbidden band in an insulator is 1 ev (clectron
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volt) or more. For a semiconductor such as pure germanium, the
width of this band is 0.7 ev; for silicon, another semiconductor, it is 1.1
ev; and for conductors, where the forbidden band is absent, we need
perhaps 0.01 ev to bring an electron into the conduction hand.

It should be understood, of course, that cach of the three illustra-
tions in Fig. 1-9 is representative of a class of materials and there will
naturally exist many substances whose characteristics fall somewhere
in between those of insulators and semiconductors on the one hand
and semiconductors and conductors on the other. Germanium, for
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Fig. 19 The difference between insulators, semiconductors, and conductors in terms of their
valence bands, forbidden bands, and conduction bands. {a) Insulator. (b} Semiconductor. {c}) Con-
ductor,

example, in the highly purified state, is a very poor conductor of elec-
tricity. As we add certain controlled amounts of impurities to ger-
manium, however, we find that its conduction increases materially,
indicating that while a substance may be basically an insulator, its
properties can be altered. The alteration is d(tual]v what happens in
germanium and silicon transistors and is rcsp(msl])]c for the ability of
these units to function usefully. In Chap. 2, we shall see just what is
the effect of adding selected impurities to germanium and silicon.

QUESTIONS

1:1 What advantages that transistors possess make them espe-
cially attractive for communications apph(atmnsr’

1-2  Differentiate atoms, molecules, and elements. Name 15 cle-
ments that vou have personally come in contact with, cither singlv or
in combination.
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1-3 Describe the structure of an atom in general terms. Compare
this structure with that of the solar system.
1-4 How are the electrons arranged within an atom? Consider
first a simple element, then a fairly complex element.
1-5 What differences exist between the nucleus of a simple atom,
such as hydrogen, and the nucleus of a complex atom?
1-6 What causes an element to be chemically active? Stable?
1-7 Is there any apparent relationship between the chemical
activity of an atom and its electrical conductivity? Explain.
1-8 What happens when an atom gains an additional electron?
Loses an electron? What is the altered atom called?
1-9 What methods may be used to remove electrons from an
atom? Describe one or two methods in detail.
1-10 What is the quantum theory with respect to electron
removal?
1-11 Define the valence band, conduction band, and forbidden
band.
1-12  Explain the difference between conductors, insulators, and
semiconductors in terms of energy bands.



CHAPTER

Semiconductor Diodes

and Transistors

I'T WAS NOTED in the preceding chapter that the chemical activity
of an atom is determined primarily by the number of electrons con-
tained in the outermost ring of the atom. When this ring is filled, the
atom is stable and shows little inclination to combine with an atom of
any other element. The activity increases, however, when the number
of electrons is less than the full number needed to complete a ring.

&,

Fig. 221 A simplified illustration of the carbon  Fig. 2:2 The germanium atom, using the
atom. Only the valence electrons are shown, simplified method of presentation,

Because of the importance of these electrons, they are given the
special name of valence electrons. Furthermore, it is common practice
in illustrations of atoms to show only the valence electrons, Fig. 2-1.
The carbon atom, with an atomic number 6, is shown here. The -6
at the center represents the nuclear charge. Since there are 4 valence
clectrons, we know that these electrons are in the second ring; the 2
clectrons not shown would be in the first ring.

Of immediate interest in transistors is germanium, and this element,
too, contains 4 electrons in its outermost ring. The atomic number of

17
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germanium is 32, giving us three completed shells of 2, 8, and 18 elec-
trons each and 4 electrons in the fourth shell. The latter electrons are
the valence electrons, and they are the ones represented in Fig. 2-2.

Lattice Structure and Crystals

Germanium in the solid state possesses a crystalline structure in
which a group of germanium atoms combine, through their valence
electrons, to form a repeated structure having a number of basic

Fig. 23 The crystal lattice structure of germanium. Each sphere represents o nucleus surrounded
by its inner shells. The spokes that join the atoms and support the structure represent the covalent
bonds. (After W. Shockley, “Electrons and Holes in Semiconductors,” D. Van Nostrand Company,
Inc., Princeton, N.J., 1950)

cubical lattices such as shown in Fig. 2-3. Each of the “balls” in the
illustration represents a germanium atom; the rods between the balls
represent the electronic forces binding each atom to its neighbors.

This cubical configuration, known as a diamond structure, is
characteristic of the solid state of a number of elements, among them
carbon, silicon, and germanium. A large, visible crystal of germanium
would be composed of millions upon millions of these basic cubical
lattices.

A two-dimensional illustration of the manner in which the ger-
manijum atoms are bound to one another is given in Fig. 2-4. Focusing
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our attention on any one of the central atoms, we see that each of its
4 clectrons is shared by four other germanium atoms. This gives the
central atom a total of 8 electrons in its outermost ring; 4 of these
electrons are its own, and the other 4 it “borrows” from the surround-
ing atoms. Since 8 electrons in this subring provide for a stable ar-
rangement, the germanium crystal forms a stable compound.

What is true of the central atom is true of all its neighbors: each
shares its four outer electrons with four other germanium atoms. This,
too, is shown in Fig. 2-4 for a limited number of atoms. All the
valence electrons are tightly held together. Consequently, pure ger-
manium is not a very good conductor of electricity. A good conductor

Fig. 2°4 Representation of electron-paired
bonds in germanium,

would require an abundance of free electrons, and as we see, all
electrons in a germanium crystal are held fairly tightly because, in
combination, they tend to complete the outer subrings of the ger-
manium atoms.

The sharing of the valence electrons between two or more atoms
produces a shared or covalent bond between the atoms. It is this bond
which is largely responsible for the cohesion which the crystal struc-
ture possesses and which actually keeps the crystal structure intact.

Note that by this sharing to form complete valence rings, ger-
manium in its pure form is a fairly good insulator. That the sub-
stance is not a complete insnlator, but rather a semicondnctor, stems
from the fact that thermal agitation, arising from the energy imparted
to the electrons by the heat of its snrronndings, canses an electron
here and there to break away from its bond, move up into its con-
duction band, and wander through the crystal lattice structure in a
more or less aimless manner,
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Electrons and Holes

The bond from which an electron esc: apes is left with a deficiency
of 1 electron, and hence we should find there a positive charge of 1.
This electron deficiency has been given the rather descriptive name of
“hole,” as though a physical hole had actually been left by the re-
moval of the electron.

We have been conditioned by our previous training to accept the
fact that electrons are quite mobile and may be moved readily from
point to point. Numerous tests have been performed in which this fact
has been demonstrated, and in our own experience with electric cir-
cuits we have never encountered any action which would cause us to
think otherwise. Ience, when the statement is made, as it was above,
that the freed electron wanders aimlessly through the crystal, every
reader will accept it without question.

It is, however, also valid in this case to state that the hole left by the
clectron will wander about within the crystal structure, and on this
point we would run into a general raising of evebrows. And vet it
has been conclusively demonstrated that holes do travel through ger-
manium crystals. In fact, the concept of hole travel is basic to an un-
derstanding of transistor operation and hence warrants a more de-
tailed description.

When a bound electron departs, the charge deficiency, or hole, that
it leaves behind is confined to the valence ring of the atom. If, now, a
nearby electron held in a covalent bond acquires enough energy to
leave its bond and jump into the waiting hole, then in essence what
we have had is a shift in position of the positively charged hole from
its first position to this new position, Fig. 2-5. This same action can
occur a number of times, with successive changes in hole position, so
we can very well state that a hole drifts about in a random manner in
exactly the same fashion as the electron which left the hole originally.

The foregoing discussion has dealt with a single electron and
single hole, but in actual crystals there would be many such pairs.
And with many negative electrons and positive holes present, a con-
siderable number of recombinations will be taking place all the time.
Bv the same token, the energy (be it heat or light or an electric field )
bemg, supplied to the crystal will constantly be breaking other bonds.
Eventually, a dynamic equilibrium  will be attained in which the
number of bonds being broken will equal the number being re-formed.

If the energy supplicd to the crystal is an clectric field developed
by the application of an emf across the germanium crystal, then the
motion of the electrons and the holes will be less random and more
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directed in a direction determined by the voltage. Electrons will move
toward the positive terminal of the battery, while the holes will drift
toward the negative terminal of the battery. The opposite flows of
these two charges do not, as one might suppose, cancel each other
Rather they aid cach other. This was demonstrated in an experiment
performed in 1889 by the physicist 1L A, Rowland. On an cbonite
disk he placed negative charges of static electricity, separated by
raised portions of the disk. When the disk was rotated at high speed,
a magnetic field was produced, and the field was identical with what

FIRST HOLE NOW BEING
FILLED BY ELECTRON
FROM LOWER BOND

Fig. 225 Methad by which hales trave! thraugh
a germanium lattice structure.

|
HOLE LEFT BY
ELECTRON IN MOVING
IN DIRECTION OF
ARROW

would have been expected if a flow of electrons had taken place in
a loop of wire in the same direction of rotation.

Rowland then removed the negative charges and replaced them by
an equivalent number of positive charges. The disk now was rotated
in the opposite direction, and the resulting magnetic field had exactly
the same direction as its predecessor. Thus, we obtain the same elec-
trical effect whether we have negative charges (i.e., electrous) moving
in one direction or equivalent positive charges (i.e., holes) traveling
in the opposite direction. Ohm’s law or any other electrical law we
know would yield identical results in either case. This is a significant
fact to remember, because all our electrical studies have emphasized
electrons and electron flow, and the idea of mobile positive charges
will come as a surprise. It is particularly important to appreciate both
types of current flow, since both occur in transistors.
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It is interesting to note that the rate at which clectrons and holes
diffuse throngh fairly pure samples of germanium has been  de-
termined to be as follows: for electrons, 3,600 cm® per volt-sec; for
holes, 1,900 cin® per volt-sec. These rates are at a temperature of 27°C
and with no applied emf. When a voltage is applied, the rates increase
considerably.

N-type Germanium

Externally applied heat and light may be used to produce free elec-
trons and holes in a germanium crystal, but a nmch more cfficient
method of achieving the same resnlt is to add exceedingly small

Fig. 2:6 The effect of an arsenic atom replac-
ing a germanium atom,

amounts of selected impurities, generally to an extent no greater than
1 part in 10 million. Impurities frequently emploved are arsenic and
phosphorus. The impurity enters the crystalline structure of the ger-
maninm and takes the place of single germanium atoms at varions
points throughout the crystal lattice strncture. A diagrammatic repre-
sentation of this condition is shown in Fig. 2-6. Arsenic has 5 valence
electrons, and 4 of them enter into covalent bonds with four surround-
ing germanium atoms. This is in accordance with the structural
arrangement in a germanium atom. The fifth electron is simply held
in place by the positive attractive power of the arsenic nucleus. How-
ever, since the arsenic atom is sharing its other 4 electrons with
four other germanium atoms, in essence it possesses the equivalent of
§ electrons. Since all that the arsenic atom needs for a stable arrange-
ment is 8 electrons, the force with which the extra (i.e., the fifth)
electron is held is fairly weak and the bond between this electron and
the atom is easily broken. Thus, by the addition of minnte gunantities
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of arsenic to the germanium: structure we have, in effect, provided
the germanium with a source of free eleetrons. Substances like arsenic
or antimony which serve as sources of electrons are called donor im-
purities. Furthermore, the germanium cr_vstall containing these donor
atoms is known as N-tvpe germanium. The N, of course, refers to the
fact that the clectrical conduction through the crystal is done by elec-
trons, which possess a negative charge,

P-type Germanium
It is also possible to add impuritics which possess 3 rather than 5
electrons in their outer orbit. Boron, gallium, and indium are ex-

Fig. 2:7 Ahole is produced when an atom of o
trivalent impurity such as indium replaces a
germanium atom,
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amples of such substances. As with the arsenic, cach trivalent im-
purity atom will replace a germanium atom in the lattice structure,
Fig. 2-7. Ilowever, in this case, instcad of having an excess of 1
electron, we now find ourselves with a deficiency of 1 electron. In
order to complete the four electron-pair bonds, the trivalent atom
“robs” an electron from a nearby germanium bond. The net result of
this robbery is to leave a hole in the neighboring clectron-pair band.

Thus, when the impurity added to the germanium crystal structure
has only 3 valence electrons, a series of lioles is produced. Under the
stress of an applied emf, electrons from other nearby bonds will be
attracted to these holes, thereby filling the gaps but creating a similar
number of holes in their former bonds. Thus, we have the eqnivalent
of a movement of holes through the crvstalline structure, and conduc-
tion is said to take place by holes.

Trivalent impurities which create holes are known as acceptor im-
purities, and the germanium crystals which contain these substances
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are known as P-tvpe germanium. Thus, by the careful selection of the
impurity to be added, we can determine whether the germanium is of
the N or P type. Both are employed in transistors, and it is inportant
that the reader understand the differences between them and how
electrical conduction occurs through each.

It should be noted that a number of holes are present in N-tvpe
germanium because of the normal breaking of bonds arising from the
absorption of heat or light energy. This is exactly similar to the action
in pure germanium. However, the electrons released because of the
addition of arsenic or other pentavalent impurity atoms are, by far, the
principal conductors of electricity in N-type germanium. By the same
token, free electrons exist in P-tvpe germanium, but again, it is the
holes created by the addition of trivalent-impurity atoms that account
for the major portion of the electrical conduction that takes place here.
The holes in N-type germanium and the electrons in P-type ger-
manium are called minority carriers.

The impurities must be added in carefully controlled amounts;
otherwise, the germanium crystal structure is modified to such an ex-
tent that transistor action is not obtained.

The reader may wonder what would happen if both acceptor and
donor impurities were added to a slab of germanium. The holes
created by the acceptor atoms would be promptly filled by the extra
electrons of the donor atoms. If both impurities were present in equal
amounts, the excess electrons would just fill the excess holes and the
germanjum would act as pure germanium containing no impurities
(provided the amount of impurities added were minute in quantity ).
On the other hand, if one impurity were present in greater amount,
the electrons or holes it provided would become the principal carriers
of electricity.

We might pause here for a moment and note what effect the addi-
tion of impurities has on the energy-band distribution in the atomic
structure of a crystal lattice. Before the impurity addition, the energy
bands were depicted as shown in Fig. 2-8¢. These were the valence
band, the forbidden band, and the top conduction band. If, now, we
add minute amounts of a donor impurity, we find that extra energy
levels which were not present in the pure semiconductor are de-
veloped. The extra electron added now establishes an energy level in
the forbidden band just below the conduction band, Fig. 2-8h. The
position would appear to be logical, since this extra electron is only
loosely held by its parent atom and it should therefore be relatively
easy to remove from that atom. That would bring its position
close to the conduction band. It would not be completely in the con-
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duction band, since that would assume it was completely free of any
influence exerted by its parent atom.

The amount of energy required to raise the electrons provided by
the impurity atoms is on the order of 0.05 ev. This is far less than the
0.7 ev needed to bring an electron from the valence band of a ger-
manium atom to the conduction band. The difference is even greater
in pure silicon, where the requisite amount of energy is 1.1 ev.

Note that the forbidden band of Fig. 2-8a exists only in pure semi-
conductor. When an impurity is added, the extent of this band is
modified as indicated in Fig. 2-8b.
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Fig. 2'8 (a) Energy levels in a pure semiconductor. (b) Energy levels in a semiconductor with a
donor impurity.

Through a similar process, addition of a P-type impurity will also
modify the energy-level distribution of a semiconductor, again making
it easier to bring about conduction. Thus, with impurities, the con-
duction provided by a semiconductor is overwhelmingly taken care
of by the extra electrons or holes provided by the impurities. Very
little current is contributed by the breaking of covalent bonds. When
a semiconductor does not contain any impurities, it is said to be in the
intrinsic state, as shown in Fig. 2-9a.

PN Junctions

If we take a section of N-type germanium and a similar section of
P-type germanium and join the two together, as shown in Fig. 2-10aq,
we obtain a device which we know as a germanium diode. The
N-type germanium is at the right, and the P-type is at the left. The
circles at the right with the positive sign represent the donor atoms.
They possess positive signs because their fifth electrons have been
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Fig. 2°9 A pictoriol representation of germonium lattice showing shared electron bonds ond the
monner in which holes and electrons travel from point to point within the crystal structure. (a) Pure
germanium crystal. (b} Donor otom substituted in germanium lattice. Note loosely bound extra
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electron. {c) N-type conduction; electron free of donor atom. This may occur because of heat or
electric energy. (d) Acceptor atom substituted in germanium lattice. Note unfilled band in lower
right-hand corner of illustration.
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Fig. 2:9 (continued) (e) Filling vacant bond by thermal excitation of electron from nearby bond.
(f) P-type conduction. Hole migrating through lattice by excitation of electron from bond to bond.
(General Electric Company and Electrical Engineering)
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removed, leaving each of the atoms with a 41 charge. The free elec-
tron is indicated by the negative sign.

By the same reasoning, an acceptor atom in the P-type germanium
is represented by a circle with a negative sign, the latter being due to
the presence of the additional electron which was “robbed” from a
neighboring electron-pair bond. The hole left by this electron is rep-
resented by a small plus sign.

When these two germanium sections are joined together, one might
suppose that all of the cxcess electrons on the right would im-
mediately cross the junction and combine with the excess holes on the
left. This action actually starts to occur, but, before it can progress
very far, it is brought to a halt. Here is why it is. When the sections

JUNCTION |
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Fig. 2:10 (a) A PN junction forming a familiar germanium diode. (b) The battery drawn across the
PN junction represents the restraining forces present at the junction.

are initially brought together, some of the electrons in the N-type
germanium cross the junction and combine with a corresponding
number of holes in the P section. Since the N section was initially
electrically neutral, loss of some of its electrons leaves it with a net
positive charge. This charge increases as the number of departed elec-
trons increases, and a point at which no additional electrons are cap-
able of overcoming this positive force is quickly reached.

By the same token, the P section itself was also electrically neutral
at the start. When it loses some of its positive holes through com-
bination with electrons from the N section, it develops a net negative
charge. As additional electrons from the N section attempt to ap-
proach the junction, not only are they held back by the net positive
charge existing in their own section, but they are also repelled by
the net negative charge of the P section. Thus, the migratory action
is halted.

The region in the immediate vicinity of the junction is called the
depletion region because of the absence of any mobile charge there.
In the N section, the free electrons initiallv present were lost, as de-
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scribed above, by combination with the free holes just on the other
side of the junction in the P section. Beyond the depletion region,
free clectrons are present in the N section. These free carriers, how-
ever, are restrained from approaching the junction as explained above.

Several pictorial methods have been employed to indicate the re-
straining forces present at a junction. In one illustration, a small bat-
tery is placed across the junction in the manner shown in Fig. 2-10b.
The negative terminal of the battery connects to the P-type ger-
manium, while the positive terminal of the battery attaches to the N-
germaninm side. Electrons attempting to travel from the N-ger-
maninm side to the P side encounter the negative field of the battery
and are repelled. By the same token, holes attempting to move from
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Fig. 2:11 A second method of indicating the forces present at the PN junction which prevent the
combination of the holes at the left with the electrons at the right.

the P side to the N side see the positive battery terminal, and they,
too, are repelled.

A second method of representation utilizes what are called poten-
tial “hills.” The electrons on the N side have to climb a negative
potential hill in order to reach the P side, Fig. 2-11b. The hill, of
course, is the repelling force of the acceptor atoms. On the other side
of the junction, the holes have to climb a positive potential hill in
order to move to the right, Fig. 2-11a.

In order to produce a flow of current across the junction, we must
reduce the potential hill that exists there. This can be done by apply-
ing an external potential across the ends of the two germanium
crystals, Fig. 2-12. The negative terminal of the battery connects to
the N-tvpe section, and the positive terminal of the battery connects
to the P section. The free electrons in the N section are repelled by
the negative battery field and move toward the PN junction. At the
same time, the positive holes in the I’ section are forced toward the
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junction by the repelling force of the positive battery field. If the
battery is strong enough, it will Jower the potential hill at the junction
and enable the carriers to move across to the opposite side. Once the
junction crossing is made, a number of electrons and holes will com-
bine. For each hole that combines with an electron from the N-type
germanium, an electron from an electron-pair bond in the crystal
and near the positive terminal of the battery leaves the crystal and
enters the positive terminal of the battery. This creates a new hole
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Fig. 2212 The effect on the PN junction of opplicotion of forword bosis.
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Fig. 2:13  The current flow in the N region is by electrons; in the P region, the current is corried by
holes. In the vicinity of the junction, both types of corriers ore present.

which, under the force of the applied emf, moves to the junction. For
each electron that combines with a hole, an electron enters the crystal
from the negative terminal of the battery. In this way we maintain
the continuity of current flow. Stoppage at any point immediately
breaks the entire circuit, just as it does in any ordinary electric circuit
If this were not so, then clectrons would pile up at some point and
result in a gradually increasing charge or potential at that point. Since
this does not occur, we must treat the circuit operation in the manner
which has just been indicated.

Note that current flow in the N region is by electrons; in the P
region, the current is carried by holes, Fig. 2-13. As we approach
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closer to the PN junction, we find both types of carriers. The overall
value of current, however, remains constant and is a function of the
applied voltage.

As the external voltage is increased, it gradually overcomes the re-
straining forces present at the junction and the current rises. Once
the restraining forces are completely overcome, the current rises
sharply, as shown in Fig. 2-14. If the current flow is permitted to
reach too high a value, the heat generated will permanently damage
the junction and the unit will no longer function in the manner de-
seribed above.

In the preceding discussion, the diode was biased in its forward, or
low-resistance, direction. If, now, we reverse the polarity of the ap-
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[= Fig. 2'14 The behavior of the current flow
& through a germanium diode as the forward
£ voltage is increased.
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plied voltage, we find that the battery acts in consort with the poten-
tial barrier at the junction and practically no current passes at all.
The diode is biased in the reverse direction.

The reason for the current decrease is readily understood. With the
negative battery terminal connected to the P-germanium section, the
excess holes, with their positive charge, are attracted away from the
junction, Fig. 2-15. At the same time, the positive terminal of the
battery at the N side attracts the excess electrons away from the junc-
tion.

The overall characteristic curve of a germanium diode is shown in
Fig. 2-16. The portion of the curve to the right of the zero line repre-
sents the forward current, and the reason for the sharp, upward swing
of the curve has already heen discussed. The swing upward occurs al
relatively low voltages. possibly no more than 0.2 to 0.3 volt for ger-
manium and 0.6 to 0.8 volt for silicon. To the left of the zero line we
have the diode characteristic under reverse bias. We see that a cur-
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rent does flow, although it is usually on the order of microamperes
and remains so until the reverse voltage is brought well above 20 to
30 volts for most diodes.

The sources of this reverse current are the min()rity electrons and
holes which receive enough encrgy from heat and light reaching the
crystal to break their covalent bonds. The reverse bias attracts these
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Fig. 215 When the battery connections are reversed, the electrons and holes are drawn away
from the PN junction.
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Fig. 216 The overall static characteristic curve of a germanium diode. The portion of the curve
to the left of the vertical line is shown dropping faster than it should (by comparison with the curve
at the right).

electrons and holes, and a minute current flows through the circuit.
The electrons of the P-type material travel to the positive battery
terminal, and as they enter this terminal (or the lead extending from
the terminal), an equivalent number of electrons enter the germanium
from the negative side of the battery. Similarly, holes of the N-tvpe
material move toward the negative terminal, and when they reach
this point, they receive clectrons with which they combine. For cach
such combination, one clectron leaves a covalent bond in the crystal
near the positive terminal of the battery and enters the battery. This
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creates a new hole which, under the force of the applied emf, moves
across the crystal. The situation here is similar to what it was when
the battery voltage was reversed and the majority carriers were in-
volved. Now we are dealing with minority carriers, those electrons
and holes that exist on the “wrong” side of the PN junction.

The reverse current is small because the number of minority carriers
in each section is small. Actually, together with this reverse current is
a minute leakage current that flows along the surface of the diode.
This is essentially an Ohm’s law phenomenon governed by E = IR.
The R is the resistance offered by the diode surface to the applied
voltage. Further, since the current obeys Ohm’s law, it will be present
whether the diode is forward- or reverse-biased. However, its effect
is more noticeable under reverse-bias conditions because it more
closely approaches the reverse current than the forward current in
value.

As the value of the applied reverse voltage increases, a point at
which there is a sharp increase in current is reached. This steep risc
is due to a phenomenon known as avalanche breakdown, in which
minority electrons, passing across the PN junction, gain sufficient
energy to knock off valence electrons bound to the crystal lattice and
raise them to the conduction band. One minority electron may thus
free several valence electrons through collision. In turn, these valence
electrons may each gain enough energy to free two or more additional
clectrons, until a considerable flow of current ensues. To sum up,
then, germanium diodes offer a relatively low resistance when biased
in the forward direction and a very high resistance when biased in
the reverse direction.

Avalanche breakdown is sometimes called the Zener effect, after the
American physicist Clarence Zener. About twenty years ago, Zener
made theoretical investigations of the problem of electrical break-
down in insulators. He came to the conclusion that when the voltage
across an insulator rose high enough, electrons could be torn from the
valence band and raised to the conduction band fast enough to
account for the large breakdown currents. When breakdown was
observed in PN junctions, it was felt that it occurred by the same
mechanism. Subsequent investigation proved this was not so, but
rather that the action described above took place. In spite of this, the
breakdown voltage of junctions is often called the Zener voltage
rather than avalanche voltage.

Junction Transistors
An NPN junction transistor is formed by placing a narrow strip of
P-type germanium between two relatively wide strips of N-type ges-
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manium. This is shown in Fig. 2-17. Low-resistance contact is then
made to each strip for external circuit attachment. The N-type crystal
at the left is called the emitter; the central P-type strip is known as
the base; and the end germanium crystal is called the collector.
Although these names have no particular significance as yet, they
will tic in with the operation of the transistor. Some transistors, par-
ticularly those fabricated by the grown-junction method, actually
take the physical form shown in Fig. 2-17. Most other junction tran-
sistors assume somewhat different forms, althongh the sequence of
emitter, base, and collector remains unaltered. The form shown in
Fig. 2-17 lends itself quite well to the present discussion and that is
why it is being used.

As with the PN junction diode, the two end sections of the NPN
transistor contain a number of free clectrons, while the central P
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EMITTER J COLLECTOR

Fig. 217 An NPN transistar and the names of its three sectians.

section possesses an excess of holes. At each junction, the action that
takes place is the same as that previously described for a diode; i.e.,
depletion regions develop and small potential hills appear. These are
then modified by the external voltages which are subsequently
applied.

Transistor biasing. To employ the NPN transistor as an amplifier,
we would bias the emitter and base sections in the forward, or low-
resistance, direction. This is shown in Fig. 2-18a. At the same time
we would bias the basce and collector sections in the reverse, or high-
resistance, direction, Fig. 2-18h. Both bias voltages are shown in Fig.
2-18¢c. Now let us sce what happens under these conditions.

Since the emitter and base sections are biased in the forward direc-
tion, current will How across their junction. Every time an clectron
from the emitter section crosses the junction and combines with a
hole of the base section, an eleetron leaves the negative terminal of
the battery and enters the emitter crystal. The battery cannot con-
tinue to supply clectrons from the negative terminal without receiving
an equivalent number at the positive terminal; hence, for each elec-
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tron leaving the negative terminal, the positive side receives an elec-
tron from the base section. This loss of electrons in the base creates
holes which then travel to the junction for eventual combination with
electrons from the emitter.

Thus far, of course, we are on familiar ground—ground which was
previously explored. The main carriers of electricity in P-type ger-
manjum are holes. And this is precisely the situation described above.
If the center base section were made quite thick, then practically
the entire current flow would occur in the manner described and would

EMITTER BASE COLLECTOR
U N P N N P N
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(a) Emitter-base biasing {b) Collector-base biasing_
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{c} Total biasing

Fig.2:18 The proper method of biasing an NPN transistor for use as an amplifier.

be confined entirely between emitter and base. There would be little
current between base and collector because of the reverse bhiasing ex-
isting there.

When, however, the base strip is made exceedingly thin, transistor
amplifying action is achieved. For with the base thin, electrons leav-
ing the emitter pass right through the base section and into the col-
lector region, where they see a positive attractive force that impels
them on. Thus, they travel through the collector section and around
the external circuit back to the emitter again, completing their path
of travel.

At this point the reader may wonder why the emitter current Hows
through the collector when it was spcuflcallv stated that the collector
was biased in the reverse, or high-resistance, direction. If we disregard
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the base for a moment and simply consider the path from the emitter
to the collector internally and from the collector to the emitter ex-
ternally, we see that the two bias batteries are connected series aid-
ing. Thus, any emitter clectrons that pass through the base region
without combining with the holes present there will find the attracting
force of the collector battery urging them on through the collector
section. The reverse biasing between collector and base does not affect
the emitter electrons that pass through the base and reach the collector.

With the base strip made very thin, the number of combinations
between emitter electrons and base holes will be uite small, prob-
ably no more than 2 per cent of the total number of electrons leaving
the emitter. The remaining 98 per cent of the electrons will reach the
collector strip and travel through it. Thus, while the number of elec-
trons leaving the emitter is a function solely of the emitter-base volt-
age, the element which receives most of this current is the collector.
The analogy here to vacuum-tube behavior is very marked. In a tube,
the number of electrons leaving the cathode (i.e., the emitter) is
governed by the grid-to-cathode voltage. However, it is the plate (i.e.,
collector) which receives practically all these electrons. In a tube, the
amount of current flowing is regulated by varying the grid-to-cathode
voltage. In a transistor, the emitter-collector current is varied by
changing the emitter-base voltage.

Note, too, that because the base current is very small, a change in
emitter bias will have a far greater effect on the magnitude of the
emitter-collector current than it will on base current. This also is de-
sirable, since it is the current flowing through the collector that
reaches the output circuit. (By the same token, it is the current flow-
ing through the plate circuit in a tube that is important.)

Transistor gain. We achieve a voltage gain in the transistor because
the input, or emitter-to-base, resistance is low (because of the forward
biasing between the two elements), whereas a high load resistance
can be used because the collector-to-base resistance is high (owing
to the reverse bias there). A typical value for the emitter-to-base re-
sistance is about 100 ohms, and a typical value for the load resistor is
10,000 ohms.

The current that reaches the collector is 98 per cent of the current
leaving the emitter. If, now, we multiply the current gain (0.98) by
the resistance gain 10,000/100, we shall obtain the voltage gain of
the collector circuit over the emitter circuit. Numerically, this is

. . . . 10,000
Voltage gain = current gain X resistance gain = 0.98 X l’(—)(()) =98
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Thus we see that while the current gain here is actnally a loss, this
is more than made up by the extent to which the collector resistance
exceeds the emitter resistance. Furthermore, this overwhelming dif-
ferential in resistance will also provide a power gain. This means that
with a small amount of power in the input, or emitter-to-base, circuit,
we can control a much larger amount of power in the output, or
collector-to-base, circuit. Both of these characteristics are important;
without them the transistor would have only limited application in
electronics.
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Fig. 2:19 The potential-hill diagram for an NPN junction transistor. {After H. K. Milward, Intro-
duction to Transistor Electronics, Wireless World, March, 1955)

The voltage gain indicated above is that which would be obtained
if the transistor operated into a very high impedance circuit. Actually,
one of the problems which is encountered in cascaded transistor
amplifiers is that of matching the relatively high output impedance of
a prior stage with the low input impedance of the following stage.
This point will be discussed in greater detail in Chap. 4.

Potential hills. Because a complete understanding of what happens
within the transistor is so vital to future circuit application, still an-
other approach, based on potential hills, is deemed desirable. This
method, Fig. 2-19, reveals the effects of emitter, base, and collector
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voltages and presents a simplified visual picture of junction-transistor
operation. (We continue to repeat the word “junction” because we
shall presently consider another type of transistor.)

When the emitter is biased in the forward direction and the collec-
tor in the reverse direction, electrons leaving the N-type emitter will
sec only a small potential hill in front of them (at the NP junction),
one that many of them can surmount. Once atop the hill, the “ground”
levels off and the electrons move through the P layer of the base quite
readily. When they reach the junction between the base and the N-
type collector, the electrons come under the influence of the positive
battery potential and surge forward strongly. In the voltage diagram,
this attraction is represented as a downward slope which electrons
(like human beings) find simple to traverse.

If the forward bias on the emitter is reduced, we are, in effect,
raising the height of the base potential hill. Electrons leaving the
emitter will find the higher hill more difficult to climb, and only those
clectrons possessing the greatest amount of energy will be able to
reach its summit and, from there, move to the collector ahead. Cur-
rent will consequently be reduced.

By the same token, increasing the forward bias on the emitter will
reduce the height of the hill, thereby enabling more emitter electrons
to enter the base region. Thus the biasing voltages used in a transistor
have a very important effect on its operation, Another signiﬁcant con-
trolling factor is the width of the base. This is demonstrated by the
next two illustrations.

Two three-dimensional representations of this potential diagram
are given in Figs. 2:20 and 2-21. The difference between the two
drawings lics in the width of the base sections. If the base section is
wide, the tendency for emitter electrons (represented here by balls)
to end up at the base electrode (because of combination with holes)
is much greater than it is when the base section is narrow. In a physi-
cal model of these illustrations, the potential surfaces through the
transistor are formed by a rubber membrane supported at several
points. The holes in the base section are represented by a slight dip,
or “valley,” at the center of the base membrane. The wider the base
section, the more difficult it is for the balls to roll through the base
valley and over the edge of the precipice into the collector region
without being trapped by the base dip.

On the other hand, if the base region is made quite narrow, any
balls having enough energy to surmount the initial rise of the base hill
possess enough energy to reach the far edge of the base and fall down
into the collector.,
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Fig. 2-:20 A three-dimensional representation of the potential levels in an NPN germanium
transistor. Suitable bias voltages are assumed to be applied to the various electrodes. In this
illustration, the base is maode wider than normal to demonstrate its effect. {Wireless World)
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Fig. 221 The same illustration as Fig. 2:20 except that the base layer is narrow. { Wireless Warld)
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Thus, the width of the base section has a very direct bearing on
transistor gain, both voltage and power. For if the percentage of cur-
rent reaching the collector decreases to very small values, it will re-
duce the voltage gain in the same proportion. Power, being propor-
tional to the square of the current, will be adversely affected to an
even greater extent.

From the foregoing discussion we can formulate two rules concern-
ing the normal use of this and all transistors:

1. The emitter is biased in the forward, or low-resistance, direction.

2. The collector is biased in the reverse, or high-resistance, direction.

That these rules are always true can be seen if we consider their
alternatives. If the emitter is biased in the reverse direction, it will
not permit any electrons to reach the base region. And a reverse-
biased emitter, with a reverse-biased collector, will produce a tran-
sistor in which current never passes. There are occasions, as with
vacuum tubes, when it is desirable to bias the transistor to cutoff. In
the case of a vacuum tube, this is done by increasing the negative
bias on the grid with respect to the cathode. In the case of a transistor,
cutoff is achieved by bringing the emitter-to-base bias to zero or even
inserting a small amount of reverse biasing voltage. In the majority
of applications, however, the statement indicated in (1) is true.

If the emitter and collector are both forward-biased, then the gen-
ceral tendency will be for the emitter electrons to flow between emitter
and base and for the collector clectrons to flow between collector and
base. In essence we shall have two junction diodes possessing a com-
mon base. If the collector forward voltage is larger than the emitter
voltage, some of the collector electrons will flow back to the collector
via the emitter. But in any event, the desired amplification will not
be obtained, and the purpose of the transistor will be defeated.

At this point, a note of caution regarding the application of reverse
voltage to transistors is necessary. As we shall see later, the emitter
bias voltage is quite small, on the order of 1 volt or less. The collector
reverse voltage is generally much higher. If we should mistakenly
connect the collector battery in the forward direction, the excessive
current flowing through this section may develop enough heat to
destroy the junctions and render the transistor worthless. Hence,
always be certain the collector voltage polarity is correct before mak-
ing connections.

It is interesting to note that a transistor possesses a bidirectional
facility that is impossible to achieve in vacuum tubes. That is, we can
forward-bias the collector with a low voltage, reverse-bias the emitter,
and then feed the signal in at the collector. The current gain under
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these conditions will be somewhat less than it is when the unit is
emploved normally. As a matter of fact, in Chap. 7 there is described
a television phase detector in which the emitter and collector sections
are structurally identical and cach takes turns sending current through
the transistor.

Transistor amplifier. We are now ready to connect the NPN tran-
sistor into an actual amplifier circuit with the signal input at one end
and the load resistor at the other, Fig. 2-22. The incoming signal is
applied in series with the emitter-to-base Dias, and the load resistor
is inserted in series with the collector battery. When the signal volt-
age is zero, the number of electrons leaving the emitter and entering
the base region is determined solely by the forward bias on the emit-

INCOMING
SIGNAL Ry

= —ip*

Fig. 2222 The NPN transistor connected as an amplifier.

ter. This situation can be represented by the potential-distrihution
diagram shown in Fig. 2-23a. When the signal goes negative, it adds
to the forward bias, further reducing the height of the base hill and
ausing more electrons to flow through the transistor. This is shown
in Fig. 2-23D. During the next half cycle, the signal goes positive, re-
ducing the forward bias of the emitter and thereby reducing the
number of electrons leaving the emitter and entering the base and,
subsequently, the collector regions. This is shown in Fig. 2-23c,
where the height of the base hill has been increased.

At the other end of the transistor, these current fluctuations produce
corresponding voltage variations across R,, the load resistor. When the
input signal is negative and the current increases, the collector end of
R, becomes more negative. By the same reasoning, when the signal
goes positive, current decreases and the collector end of Rj, becomes
relatively more positive.

Thus, through this transistor, amplification is achieved without the
normal 180° phasc shift we are accnstomed to in vacuum tubes. This
is not always true of transistors, and in our subsequent study we shall

Another point to note here is that with this transistor, an increase in
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Fig. 2:23  Transistor-amplifier operation demonstrated by potential hills.

signal polarity (i.e., positive) causes the transistor current to decrease.
This is in direct contrast to normal vacuum-tube amplifiers when the
signal is applied to the grid. On the other hand, with the PNP tran-
sistors to be studied next, a positive increase in signal polarity causes

the transistor current to increase.
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All this is mentioned in an attempt to illustrate that althongh tran-
sistors and the more familiar vacuum tubes contain many p()ints in
common, they also differ in many respects, and it is suggested that the
reader learn to think of cach in terms of itself. We shall have occasion
to make additional comparisons between these two devices. This, of
course, is natural, since transistors do the same basic job that vacnum
tubes do. However, transistors represent an entirely different approach
to amp]ification, with many new features and characteristics. To at-
tempt at cach point to find an equivalent property in vacuum tubes
for each characteristic in transistors will, in the long run, lead only
to confused thinking. Learn to regard transistors in terms of their own
operation and vacuum tubes in terms of theirs.

PNP Transistors

In the formation of the initial transistor from a PN junction, we
added a second N section to evolve an NPN transistor. We can ap-

BASE

EMITTER __| _ / L —COLLECTOR  Fig, 2:24 A PNP transistor.

.

proach the same problem by adding another P scction to produce a
PNP transistor, Fig. 2-24. The emitter and collector sections are
formed now of P-type germanium, while the base section consists of
N-type germanium. Since this is actually the reverse—as far as mate-
rial structure is concerned—of the NPN transistor, we shonld expect
differences in the mode of operation and in the polarity of the voltages
applied to the emitter and collector.

A typical bias setup with a PNP transistor is shown in Fig. 2-25.
The positive side of the battery connects to the emitter, while the
negative terminal of the battery goes to the base. The collector battery
is attached in the reverse manner, with the negative terminal connect-
ing to the collector and the positive terminal going to the base. Holes
are the current carriers in the emitter and collector sections; in the
N-tvpe base section, electrons are the principal carriers. With the
emitter-bias battery connected as shown in Fig. 2-25, the positive
field of the battery repels the positive holes toward the base section.
At the same time, the negative battery terminal at the base drives the
base electrons toward the emitter. When an emitter hole and a base
electron combine, another electron from the emitter section enters the
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positive battery terminal. This creates a hole, which then starts travel-
ing toward the base. At the same instant, too, that the first hole and
electron combine, another electron leaves the negative battery termi-
nal and enters the base. In this way, current flows through the base-
emitter circuit.

In the PNP transistor, the holes are carriers in the emitter section,
and when they cross the junction into the base region, a number of
them combine with the base clectrons, However, well over 90 per cent
of the holes do not combine with base electrons; rather, they pass
through the base region and continue on to the collector. There they
meet a negative attractive force and move toward the collector termi-
nal. When the terminal is reached, an electron from the batterv com-
bines with a hole and effectively neutralizes it. At the same instant, an

P N P = P N P
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Fig. 225 Method of biasing @ PNP transistor. Fig. 2:26 A PNP transistor amplifier.

clectron leaves the emitter region and starts on its way around the
outer circuit to the collector battery.

Note, then, that although holes are the current carriers in P-type
germanium, current conduction through the connecting wires of the
external circuit is carried on entirely by electrons. This fits in with the
current conduction that we are familiar with.

The incoming signal and the load resistor occupy the same posi-
tions in a PNP transistor amplifier that they do in an NPN transistor
amplifier, Fig. 2-26. Only the polarity of the biasing voltage is
reversed.

Point-contact Transistors

The discussion thus far has been concerned solelv with junction
transistors. These are the (m]y tvpes of transistor in use t()(lay. From
the standpoint of discovery and initial development, however, the
point-contact transistor comes first, and it is of historical interest to
examine its mode of operation ])ri(*lly. As with the junction transistor,
it is best to start with a point-contact diode, such as we have had
available for several years.
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Point-contact diodes. A point-contact diode is shown in Fig. 2-27.
One section consists of a small square rectangular slab of germanium
to which a controlled amount of impurity has been added. Generally,
a pentavalent impurity is added, giving us N-type germanium. The
other half of the diode consists of a fine phosphor-bronze or beryllium-
copper catwhisker wire which presses against the center of the ger-
manium slab. The opposite end of this wire represents one terminal
of the diode, while a metal plate deposited on the far side of the
germanium crystal serves as the second terminal.
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Fig. 227 Cross-sectional view of internal structure of a germanium diode. {CBS-Hytron)

e S Fig. 2228 A point-contact germanium
N-TYPE GERN]ANIEJM diode showing the approximate dis-
GERMANIUM tribution of the N- and P-type

germanium.

An important step in the fabrication of this diode is the passage of
a relatively large current from the catwhisker wire to the germanium
slab. The purpose of this “forming” current is to produce a small area
of P-type germanium in the region surrounding the point of contact
of the phosphor-bronze tip. The germanium diode now consists of P-
and N-type germanium, Fig. 2.28, and the explanation of its operation
follows exactly along the lines previously indicated for a PN junction
diode. Maximum current will flow when the base plate is made nega-
tive with respect to the atwhisker wire, and minimum current will
flow when these voltages are reversed. The principal current carriers
in the N section are electrons, while the principal carriers in the P sec-
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tion are holes. The boundary between the two can be considered as a
PN junction, even though the contour of this junction differs consid-
crably from the junctions previously discussed.
Point-contact-transistor operation. To form a point-contact tran-
sistor, two phosphor-bronze wires are mounted side by side as shown
in Fig. 2:29. One wire forms the emitter of the transistor; the other
wire, the collector. A third clectrode, the base, is a large-arca metal
plate deposited on the underside of the germanium wafer. The final
preparatory step is that known as electrical f()rming. In this process,
relatively large surges of current are passed through the wires to the
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Fig. 2:29 {a) A point-contact transistor. The emitter and collector wires are each held tightly
against the germanium block. (b) The physical construction of a point-contact transistor.

base. As in the preceding diode, this current serves to form small arcas
or islands of P-type germanium under each wire clectrode. The area of
cach P scction is extremely small, possibly no more than a few atomic
layers thick.

To understand how a point-contact transistor functions, let us con-
nect the unit into the circuit shown in Fig. 2-30. The collector is
biased in the reverse, or high-resistance, direction. In this case, since
the collector wire is assumed to be the connecting terminal for a P
layer, it receives the negative terminal of the battery. The base, then,
is connected to the positive battery terminal. The emitter is biased in
the forward direction; therefore, it connects to the positive terminal of
the battery.

Now let us place current meters, switches, and resistors in cach of
the emitter and collector branches. The resistor in the emitter branch
is more in the nature of a limiting resistor, since this portion of the
transistor is biased in the forward direction. The resistor in the col-
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lector circuit is a load resistor across which the output signal will be
developed.

As a start, let us open switch § and close switch S.. Since the col-
lector is biased in the reverse direction, very little current should flow
under these conditions. Actually, with about 25 volts for battery B.,
a current of a few microamperes will bhe found to flow. This current,
like the reverse current in a diode, stems from the presence of free
electrons in P-germanium sections and holes in N germanium. These
are the minority carriers, and they obtain their cnergy principally from
thermal absorption, although impinging light photons may also be a
factor. (The same behavior is displayed by the junction transistor.) If
we continue to raise the value of the reverse voltage, we shall eventu-
ally reach a point where the stress of the applied eclectric field will be

CURRENT
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Fig. 2:30 A point-contact transistor with its bias valtages. These valtages fallaw the same rules af
application as those indicated for junction transistors.

great enough to produce a cumulative buildup of electrons through
collision and a large current will ensue. This occurs at the avalanche
breakdown voltage. In the present discussion we are far from this
level, and only the slight current mentioned above will be measured.

If, now, we permit the collector circuit to remain as it is and close
switch S, two things will happen. First, current will flow in the
emitter circuit. Second, the current in the collector circuit will rise.
Furthermore, if an input signal is placed in series with the emitter
bias, then as the total voltage increases (i.c., becomes more positive ),
the current in the collector circuit will increase also. On the negative
half evele of the signal, when its voltage is acting in opposition to the
bias battery and reducing the overall positive voltage applied to the
emitter, it will be found that the collector current will decrease too. In
other words, variations in the input circuit will produce corresponding
variations in the output circuit.

It is apparent from this behavior that the emitter circuit influences
the collector circuit in point-contact transistors just as it does in junc-
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tion transistors. Since the area around the emitter catwhiskers is I-
type germanium and the base is N-type germanium, we can fall back
on what we have already learned about junction transistors to at-
tempt an explanation. With the emitter-to-base circuit biased in the
forward direction, the holes in the emitter section move toward the
base junction (the semicircular boundary of the P area). At the same
time, the electrons in the base move toward the emitter junction. At
the junction, a small number of the holes combine with basc electrons.
For every clectron that the base loses in this manner, one electron
leaves battery B, and moves into the base section, In the same way,
every hole that the emitter loses by combination forces one electron to
leave the emitter and enter the emitter wire on its way to the positive
battery terminal. This loss of an electron produces a hole, which then
starts migrating toward the base junction,

‘The majority of the holes which leave the emitter drift toward the
collector, attracted by the negative collector voltage. On their way
there, some of the holes combine with the free electrons present in the
base. The holes arriving at the collector combine with electrons
which the negative terminal of the collector bias battery provides. For
every such combination an electron leaves the emitter section and
enters the emitter wire. Electron travel is from emitter through both
bias batteries to collector, with the base being completely bvpassed.
(The reader will note that a similar current exists in junction
transistors, )

Now, if the foregoing represented the entire action in a point-
contact transistor, then the current ﬂowing in the emitter circuit would
be larger than the current flowing in the collector circuit. The differ-
ence would be that portion of the emitter current diverted to the base.
Actually, it is found that a change of 1 ma in the emitter circuit of a
point-contact transistor produces a 2- to 3-ma change in the collector
circuit. Here, obviously, is a significant departure from the effects ob-
served in junction transistors, and the natural question to ask is:
“Where does this additional current come from?”

It is believed that the additional current is due to the fact that the
emitter holes, in traveling to the collector, form a positive space charge
which attracts electrons from other sections of the germanium crystal
and causes them to add to the collector current. These additional elec-
trons (which are separate from the clectrons that combine with the
holes from the emitter) are confined solely to the collector circuit and
travel in the path from the negative terminal of the battery through
the collector and base scctions of the germanium crystal and out
through the base lead back to the battery again. In effect, what the
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holes do is reduce the internal resistance of the collector circuit, per-
mitting a greater current to flow for the same applied voltage. Partial
proof of this is the fact that whereas the internal resistance of the col-
lector circuit in junction transistors is on the order of 500,000 ohms or
more, in the point-contact transistor, it is typically about 20,000 ohms.

The foregoing behavior in point-contact transistors explains why the
two catwhisker wires must be positioned close to each other. The
greater their spacing, the less likelihood there is of emitter holes last-
ing long enough to reach the collector area. The separation distance of
the two wires, then, is critical.

The reason for the marked difference in behavior of point-contact
and junction transistors stems largely from the difference in con-
struction. In the point-contact transistor, there is a large base area
from which electrons may be drawn to enhance the normal collector
current. The holes, traveling from emitter to collector, serve to attract
these excess electrons through their strong positive field. In a com-
parable junction transistor, a PNP unit, the base section is quite nar-
row and can supply only a limited number of electrons to the col-
lector current. Hence, the same current-gain effect is not observed.

The point-contact transistor is no longer being manufactured, be-
cause the junction transistor is superior to it in nearly all respects.
Junction transistors are easier to manufacture; hence, they can be
made more economically. A junction transistor will handle larger
amounts of power, because each interelement junction possesses a
larger area than the corresponding catwhisker wire and its junction.
Finally, a junction transistor, operated in the common-emitter mode
which we will study presently, can provide higher current and voltage
gains than a point-contact transistor can.

Because of the almost complete disappearance of the point-contact
transistor from the engineering scene, no further mention will be made
of it.

QUESTIONS

2:1 Draw a simple diagram showing how the germanium atoms
are bound to one another in a crystal.

2-2 Since all the electrons in a germanium crystal are held fairly
tightly, explain why germanium is considered a semiconductor rather
than an insulator.

2-3 What is a hole in a semiconductor, and how is it formed?

2-4 How do holes travel through a semiconductor?

2-5 \When an clectric field is applied to a semiconductor, what is
the effect on holes and free electrons?
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2:6 How is N-type germanium formed? List several substances
which could be employed in this process.
2:7 How is P-type germanium formed? List several substances
which could be employed in this process.
2-8 Are holes ever found in N-type germanium or electrons in
P-type germanium? Explain.
2:9 Draw a PN junction showing the donor and acceptor atoms
and the free holes and clectrons on their respective sides.
2:10 What prevents the wholesale recombination of excess holes
and electrons at a PN junction?
2:11  What do we mean by a “potential hill”?
2:12 How is a battery connccted to a PN diode in order to
initiate a flow of current? In order to prevent current flow?
2:13 Explain the mechanism of current flow through a crystal
diode when the diode is biased in the forward direction.
2:14  Draw the characteristic curve of a germanium diode. Explain
the reason for the reverse current.
2:15 What is the avalanche voltage in a crystal diode?
2-16 How is an NPN junction transistor formed? Sketch such a
transistor and label each section.
2:17 Describe the rules that must be followed in biasing a tran-
sistor.
2:18 Why must the base section be made as thin as possible in a
transistor? What happens when it is made too wide?
2-19 Explain how a transistor operates.
2:20 How is gain achieved in a junction transistor?
2:21  Why is there no signal reversal between input and output of
the amplifier shown in Fig. 2-22?
2:22 Draw the diagram of an amplifier using a PNP transistor.
2:23  Describe the flow of current through a PNP transistor.
2:24 How do point-contact and junction transistors differ in struc-
ture?
2:25 Describe the operation of a point-contact transistor.



CHAPTER

Transistor Characteristics

WIIEN TRANSISTORS were first developed, they could handle only
milliwatts of power, and that at fairly low frequencies. Both of these
limitations were serious drawbacks which severely limited transistor
application. Since then, the frequency limitation has all but been re-
moved, while the power-handling capabilities have been increased
several thousand times so that we now possess many transistors capa-
ble of handling from 5 to 100 watts. Transistors still are subject to
many limitations, and the more important of them will be covered in
this chapter. Substantial manufacturing progress has taken place,
however, and it is reasonable to expect that progress will not only
continue at its present pace but even accelerate. In any event, the
transistor is today a finely engineered device that possesses a high
degree of stability capable of performing a wide variety of functions.

In the paragraphs to follow, we shall examine the more important
characteristics of transistors, physical as well as electrical. In addition,
we shall compare transistors with vacuum tubes to achieve a clear
understanding of the differences and similarities.

Power

The power capability of a transistor is limited by three major fac-
tors. First, there is the maximum reverse voltage which the collector
can withstand., When this reverse voltage is raised bevond a certain
point, an electrical breakdown is created between the collector and
base. This is generally the avalanche ecffect previously noted on
page 3.

There is also another mechanism of voltage breakdown, called
punch-through. This results from an expansion of the depletion region
that exists on either side of the PN junction between the base and col-

52
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lector (sce page 30). When a negative voltage is applied to the
collector of a PNP transistor (positive voltage terminal to the basce),
the holes in the P-type collector will be attracted to the negative po-
tential. Similarly, the clectrons in the N-type base will be attracted
by the positive potential applied to the base terminal. This attraction
of the carriers away from the junction creates a depletion region in
which there are no free carriers, Fig. 3-1a. As the voltage across the
junction is increased, the depletion region expands and, at some par-
ticular voltage, will expand through the entire base region and ac-
tually come in contact with the emitter junction. This is shown in Fig.
3-1b. The voltage at which this effect takes place is called the punch-
through voltage. When punch-through occurs, and at higher voltages,

ELECTRONS
R
;25;//:/; === _—'_':?\:‘\&\;
SR pEPLETION N
I REGION DEPLETION
HOLES REGION

(a) (5)
Fig. 3:-1 Mechanism af punch-thraugh valtage.

the normal transistor action ccases and the base can no l()ngcr control
the current flow. As a practical matter, the resultant dynamic short
circuit between collector and emitter permits a flow of current that is
limited only by the resistance in the external circuit.

With either of the above two conditions, the transistor may be dam-
aged if too much current flows. If the current flow is not excessive,
however, the transistor may not be damaged.

A second factor that limits the maximum power capability of a
transistor is the decrease in current gain with increased current. This
will be examined more fully later because it involves a current factor
(beta) which has not vet been discussed. With a decrease in current
gain, however, the power gain similarly decreases and this reduces the
effectiveness of the unit to function as an amplifier. (Power gain is
proportional to the square of the current gain.)

The third factor which establishes a limit to the maximum power
output of a transistor is the safe amount of heat which the material or
junction can withstand. Another way of stating this is to indicate the
maximum power dissipation of the transistor internally, although this
is generally the collector dissipation since the greatest amount of heat
is developed in the collector. Since the collector and emitter currents
are nearly cqual, differing only by the relatively small amount of cur-
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rent diverted by the base, the reader may wonder why more heat is
generated at the collector. The answer lies in the fact that power is
equal to I*R and the collector, being reverse-biased, has a far higher
internal resistance than the emitter has.

To assist transistors in achieving higher collector-dissipation ratings,
special heat sinks, Fig. 3-2, in which these transistors are mounted

Fig. 3:2 Typical transistor heat sinks.

have been developed. These heat sinks, or heat dissipators, help con-
duct the heat away from the collector. Also useful for this purpose
are metallic housings for transistors, Fig. 3-3.

It is customary, when the power dissipation of a transistor is given,
to specify the temperature (usually 25°C) at which this dissipation
can be obtained safely. Low-power transistors are rated in reference
to the surrounding, or ambient, air temperature; medium- and high-
power units are rated in reference to case or housing temperature.
If it is desired to operate the transistor at a temperature higher than
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25°C, the power-output rating must be lowered or derated. Either a
specific derating factor, such as 1 watt per °C, is given or a derating
curve is included with the specification sheet.

If a derating factor is given, then for cach degree centigrade rise
in temperature, the maximum power dissipation must be lowered by

Fig. 3:3 A power tronsistor housed
in a metallic container. The unit shown
will provide a maximum power output
of 6 watts when operated class
A. (Minneapolis-Honeywell Regulator
Co.)
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the amount indicated, here 1 watt. If a derating curve is given, this in-
formation can be obtained directly. A typical curve is shown in Fig.
3-4 for a 2N174 transistor. Up to 25°C, the power dissipation is 150
watts. Beyond this temperature, the dissipation decreases linearly.
Hence, at 60°C case temperature the power dissipation can only be
80 watts, while at 100°C it has been reduced essentially to zero. Fail-
ure to heed these derating factors will not only shorten the life of the
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transistor but will also frequently cause the transistor to burn out in
short order.

Several tvpes of power transistors are shown in Fig. 3-5. As a
general rule, the higher the power rating, the larger the transistor
housing,

Noise

Transistors, like vacuum tubes, develop a certain amount of internal
noise which can be disturbing in low-signal circuits, such as we find

Fig. 3:5 Typical pawer transistars.

in the front end of a receiver or in the front end of a high-power audio
amplifier. In the early days of their development, junction transistors
tended to be considerably noisier than vacuum tubes. It was not un-
usual to find a transistor with a noise figure of 30 db compared to a
3-db noise figure for many vacuum tubes (at 1,000 cycles). Since
then, transistor noise figures have bheen steadily lowered until, at the
present time, they range between 4 and 20 db, with most values falling
below 10 db.
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Noise figure is a relative term designed to permit comparison be-
tween similar electronic devices or circuits. For (‘xampl(‘, if the noise
figure of a transistor were 0 db, then the transistor would not be gen-
crating any internal noise. Such a transistor, inserted in any circuit,
would add no noise to that already existing there and possibly stem-
ming from any resistance present. When a transistor has a noise figure
other than 0 db, however, then it contributes noise to the circuit. The
higher the noise figure, the greater the noise being added.

The noise behavior of a typical transistor is shown in Fig. 3-6. The
characteristic turns up at either end, but in between it remains quite
flat and unchanging. At the low-frequency end, the noise figure is
inversely proportional to frequency, dropping down to the flat base in

20 —

Vcg =5 VOLTS
I =1.0 MA <
AN Re =5000HMS | | /

y/

NOISE FIGURE, DB

| 2 U R
//< 6 DB/OCTAVE

w

I VA
50 100 500 1000

FREQUENCY, KC

Fig. 3:6 Naise behaviar of a typical transistar.

the frequency range between 100 and 1,000 cycles. The source of this
noise has been traced to surface leakage and imperfections in manu-
facture. In recent transistors, Spccia] surface treatment has tended to
reduce the extent of this disturbance and has extended the flat seg-
ment of the curve toward the low end.

The central section of Fig. 3-6 is developed by the diffusion of car-
riers within the transistor and from the thermal agitation of current
carriers. The first of these effects is directlv related to the shot noise in
vacuum tubes, which arises from the physical flow of electrons from
cathode to plate. The second, or thermal noise, is analogous to the
noise voltages generated in any resistor or other conductor of current.
Both of these noise voltages are completely random in their nature
because their effect (i.c., polarity) cannot be predicted at any specific
instant of time.

The second upturn of noise, at the right side of the curve, Fig. 3-6,
is due to the drop in power gain of a transistor because of the fre-
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(quency limitation of the device. Since the noise factor, by definition,
depends on the ratio of signal to noise, anvthing that reduces the
signal causes the noise figure to worsen.

Frequency Response

In any application of a transistor, its frequency limitations must be
known not only for economic reasons (to avoid using a high-cost
transistor with an extended high-frequency response where only a low-
frequency response is required) but also because power gain falls off
rapidly with frequency (above a certain point). There is no single
factor which, by itself, completely controls frequency response. The
end result is always a compromise of a number of considerations the
more important of which will be discussed here.

An important characteristic in establishing the frequency behavior
of a transistor is the time required for a signal to travel from emitter
to collector. This, in turn, depends upon the mobility of the carriers
within the germanium. Typical values are as follows: for electrons,
about 3,600 cm? per sec per volt of potential difference; for holes,
about 1,900 ¢cm? per sec per volt of potential difference. We cannot
apply signals whose frequency changes so rapidly that the carriers
(holes or electrons) are unable to transport the changes from emitter
to collector.

We have an analogous situation in vacuum tubes when the signal
applied to the grid changes appreciably in the time it takes an electron
to travel from the cathode to the plate. If the grid goes positive, at-
tracting more electrons to the plate, and then turns negative hefore
the electrons reach the plate, the change not only will reduce the peak
number of electrons reaching the plate but will also cause the elec-
trons to spread out over a greater interval. Operationally, this results
in phase and amplitude distortion.

The mobility of the holes or electrons in a transistor is the velocity
with which they move through the germanium when an electric field
is applied. Since electrons move almost twice as fast as holes, we
would expect those transistors in which electrons do most of the cur-
rent carrying to have a higher frequency response than transistors
which depend upon conduction by holes. Thus, consider an NPN
transistor, Fig. 3-7a. Conduction from emitter to collector depends
upon the diffusion of electrons from the emitter to the vicinity of the
collector. On the other hand, in a PNP transistor, Fig. 3-7b, holes are
the principal carriers from emitter to collector. Since holes travel
slower than electrons, we would expect PNP transistors to have a
lower cutoff frequency.
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Another factor which limits the high-frequency response is the ca-
pacitance between sections of a transistor. The higher the frequency,
the lower the impedance of the shunting capacitor and the greater its
shunting effect on the applied signal. This is true in both the input
and output circuits, as well as between input and output.

The frequency response of a junction transistor can be improved by
making the central base-region layer as thin as possible. That is, the
frequency f is inversely proportional to base width in accordance with
the equation

2d

f=w

where d = diffusion constant, i.e., mobility, cm® per sec
1 = base width, cm

One encounters manufacturing difficulties when the width is made
too small, however. Moreover, decreasing base width serves to increase
base resistance, and the latter will degrade the power gain as the
frequency rises.

A higher base resistance also leads to a lower value of punch-
through voltage, which is detrimental to the power capabilities of the
unit. One way to avoid this is to make the base resistivity lower by
adding more impurities during the manufacturing process. But emitter
efficiency, or the ability of the emitter to inject its majority carriers
into the base region, depends upon having the emitter resistivity much
lower than the base resistivity (in other words, doping the emitter
more heavily than the base). Thus, if we lower base resistivity, we
lower the emitter injection efficiency, and this impairs current gain.
Manufacturers get around this by adding a small amount of gallium to
the indium they employ to fabricate a P-type emitter. For an N-tvpe
emitter, antimony is added to arsenic, the latter being the impurity
that provides excess electrons. Another way to skirt this difficulty is
provided by the drift transistor, which we shall study presently. In
our subsequent study of the transistor other compromises will be ap-
parent, so that the fabrication of a transistor to achieve a certain
operating characteristic is not a simple, straightforward process.

There are a variety of transistor tvpes on the market, each possess-
ing certain desirable operating and economic features. Transistors
have also passed through various stages of development, and some
knowledge of these stages will not only assist the reader to better
cevaluate future progress but also provide him with a better under-
standing of transistor operation and application. In the paragraphs to
follow, an attempt will be made to show this sequence of development.
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Grown-junction transistors. Historically, the grown-junction transis-
tor was the first junction tvpe manufactured. T()(lay, it is surpasse(l in
performance by other transistor types and so finds very little applica-
tion, although silicon transistors still utilize the grown-junction
method. In time, it will undoubtedly be replaced here, too, by more
advanced techniques.

The grown-junction transistor obtains its name from the fact that
the junctions are produced by what is basically a growing process. A

H@‘a

NPN
/ NPN SPLICE BAR

/  GROWN
/ SINGLE_CRYSTAL
OF GERMANIUM

b

BAR MOUNTED BAR ETCHED;

ON STEM BAR LEAD COMPLETED
ASSEMBLY BONDED TRANSISTOR

Fig. 3-8 Monufocture of grown-junction NPN tronsistor from single crystol to finol unit. {Western
Electric Engineer)

small crystal of germanium or silicon, called a seed, is dipped into
molten germanium (or silicon) contained in a crucible (Ref. 3-1).
As the seed is withdrawn slowly, the liquid freezes onto the sced,
growing a crystal. The original melt contains a suitable impurity, per-
haps arsenic for N type. After a sufficient amount of crystal has been
grown on the seed with N-tvpe impurity, a P-type impurity, in minute
amount, is added to the melt to produce P-tvpe germanium. The
crystal is grown as P tvpe for one-thousandth of an inch and then a
second pellet, this time of N-tvpe dope, is dropped into the melt. The
amount is sufficient to overcome the P dope and the crystal is returned
to N type for the balance of the crystal-growing process, Fig. 3-8.
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When the desired crystal has been grown, it is cut up into a number
of wafers by a diamond saw, lapped smooth with an abrasive, cut up
into little squares, and etched to remove any surface scratches. The
final transistors have dimensions of 0.025 by 0.025 by 0.125 in. The
end regions to which emitter and collector leads are attached are N
type; the very thin base is P type.

The grown-junction transistor has several major limitations which
prevent it from being employed more extensively than it is. Frequency
is greatly dependent on base width, and for even nominal frequencies
a very narrow base width is required. With the seed-growing tech-
nique it is difficult to achieve such narrow widths with sufficient
accuracy to provide a suitable manufacturing process with a high
degree of reproducibility.

A second limitation is base resistance. This tends to be high not
only because the base is narrow, but also because contact be-
tween the base and the outer circuit occurs at a single point only.
Much more desirable is a ring-type contact, but this is not feasible
in this transistor. The foregoing limitations restrict the grown-junction
transistor to frequencies below 20 Mec.

Alloy-junction transistors. The greater part of present-day transistor
manufacture is devoted to the alloy-junction transistor. This process
produces a wide variety of amplifier transistors (both low and mod-
erately high frequency) as well as switching transistors in the low and
medium speed ranges. The fabrication of alloy-junction transistors has
been automated today to such an extent that units for the entertain-
ment field can be sold for less than a dollar. This enables these tran-
sistors to be highly competitive with vacuum tubes also used in that
range of frequencies.

The alloy-junction fabrication technique is quite different from the
grown-junction technique. Whereas the latter is a batch-processing
technique, the present alloy units are essentially made individually
(although in large number at any one time). The starting point is a
wafer of germanium about 0.080 in. square and 0.003 to 0.005 in. thick.
(This wafer is grown similarly to that for a grown-junction transistor,
except that the crystal is grown with uniform doping using one type
of impurity only, either N or P. In the present discussion, N-type
germanium will be assumed.) The crystal is cut into a multiplicity
of wafers and then diced into the dimensions required for transistor
production. This is indicated above to be about 0.080 in. square and
0.003 to 0.005 in. thick.

An impurity metal, usually indium, is then placed on opposite faces
of the germanium and heated. The temperature is above the melting
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point of indium but below the melting point of germanium. While the
indium is molten, it dissolves the germanium actually in contact with
it. On cooling, the dissolved germanium recrystallizes onto the undis-
solved germanium. Since it is freezing from a melt containing indium,
the recrystallized germanium is highly doped to P type. Thus we have
a PNP transistor with the emitter and collector P type and the base
N type, Fig. 3-9. Connections to the emitter and collector are made
by wires soldered to the alloy. The other ends of these wires are then
spot-welded to leads that make contact to the circuit in which the
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Fig. 39  Cross section of an alloy-junction PNP transistor. The collector and emitter elements ore
grossly exoggeroted in size. {Western Electric Engineer)

transistor is placed. The base contact is usually made in the form of a
ring that completely encircles the emitter. This permits a low-resist-
ance connection to be achieved, Fig. 3-10.

With the alloy method of construction, several things have been
accomplished. First, the separation between collector and emitter
regions is on the order of only 0.0005 in. This permits a significant
reduction in transit time between these two elements. Second, the base
resistance can be made low by the use of a relatively thick germanium
wafer at all points except in the small section between emitter and
collector. Also, the emitter and collector diameters, 0.010 and 0.015
in., respectively, are kept small, thereby reducing the various capaci-
tances which these elements introduce.
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The alloy method is feasible for both PNP and NPN transistors.
For an NPN unit, a P-type germanium wafer would be used and a
pentavalent element (such as phosphorus) would be substituted for
the indium.

The diffusion process. In the sequence of transistor development,
the discovery of how to apply diffusion techniques to the fabrication
of these devices represented a significant advance. Not only did it
make commercially possible the manufacture of transistors capable of
operating in the kilomegacycle region, but it also provided a means of
accurately controlling the formation of a nearly unlimited junction
area,

The process of diffusion is a process of mixing, on an atomic scale,
two different sets of molecules through the random thermal notion of

BASE EMITTER BASE
TAB

Fig. 310  An alloy-junction transistor.

COLLECTOR

molecules and atoms (Ref. 3:5). For example, if you place a drop of
a colored dye in a glass of still water, you will find after several hours
that the dye will be spread through the entire glass. The spreading has
been accomplished by the random motion of the molecules of the dye
and of the water.

The same process will take place in a gas or in a solid. In solids,
however, diffusion is ordinarily ignored because it occurs so very
slowly. For example, the colored dye mentioned above would, if
dropped on a cake of ice, take millions of years to diffuse through the
cake thoroughly.

All diffusion processes can be greatly speeded up by heat. In the
fabrication of transistor junctions by the diffusion process, a tempera-
ture of about 1300°C is generally employed. Even at that temperature,
several hours may be required to establish a junction only a few ten-
thousandths of an inch below the surface of a semiconductor crystal.
If it is desired to achieve a greater depth, the temperature can be
raised.

Diffusion is well suited to the introduction of impurities into ger-
manium or silicon crystals. Since the process is slow, the depth ot
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penetration of the impurity can be accurately controlled. Different
impurities move with different speeds; hence, their concentration and
depth can be varied over a wide range. Also, since the impurity is
added after the crystal is grown, the crystal itself can be developed
under simpler growing conditions, i.e., from a melt possessing uniform
characteristics.

The gencral approach in diffusion fabrication is as follows. After the
crystal has been formed by the growing technique previously de-
scribed, it is cut up into many small pieces and exposed in a furnace
to an atmosphere containing one or more impurities in small but
known concentrations. The gascons molecules bombard the crvstal
surface, gradually forcing their way into the crystal interior. By regu-
lating the amount of impurity present in the atmosphere, the tempera-
ture, and the exposure time, it is possible to control to a fine degree
the penetration of the impurity into the crystal. If the crvstal itself is
N-tvpe germanium and the impurity is indjum, a PN junction can be
formed in this manner.

One other feature concerning the diffusion process is of importance.
When an impurity is diffused into a semiconductor crvstal, the density
of the impurity is greatest at the surface and E_,mduanv diminishes as
we move into the interior of the crystal. This is useful in transistor
operation and is actually taken advantage of, as we shall see.

The drift transistor. The drift transistor combines diffusion and
alloy techniques. From this combination, we are able to achieve a sig-
nificant improvement in the frequency limitation of transistors formed
by the alloy method alone. The starting point is a wafer of N-type
germanium having a fairly high resistivity. Whenever a semiconductor
is said to possess a high resistivity, i.e., a high resistance per unit area,
it is meant that the substance possesses only a small amount of im-
purity. In this case, it is N-type impurity. The wafer of N-type ger-
maninm is exposed, under controlled conditions, to an arsenic vapor
at a high temperature. The arsenic impurity diffuses into the wafer,
leaving the highest concentration at the surface.

This skin of graded arsenic is removed from one side of the wafer
and a P-type collector junction is alloyed into the germanium there.
The same P-type impurity is then alloved into the other face of the
wafer where the graded arsenic is still present. This produces the
emitter junction. Thc result, as shown in i igs. 3-11 and 3-12, is a
transistor in which there is a high density of impurity in the base end
nearest the emitter r, with a stea(]v decrease until the E_,ormamium Pos-
sesses very little impurity (i.e., reaches the original state of the wafer
before the diffusion tre ltment) somewhat before the center of the
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base region. From there to the collector, the germanium remains uni-
form in characteristic. At the collector, the P-type condition appears.

A major difference, then, between the drift transistor and alloy
unit resides in the varying impurity distribution that occurs in the
base of the drift transistor. Just how this affects transistor operation
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:an perhaps be better seen if we analyze in greater detail the move-
ment of carriers from emitter to collector.

When a signal voltage (or any other voltage, for that matter) is ap-
plied between emitter and base, carriers from the emitter are injected
into the base. These carriers must travel across the thin base laver
and arrive at the collector junction. In a PNP transistor the carriers
from the emitter are holes; in an NPN transistor the carriers are elec-
trons. In cither case, the carriers travel across the base by a process of
diffusion. This motion, brought on by the thermal cnergy which the
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holes or electrons possess, consists of movement in random paths, as
shown in Fig. 3-13a. The particles simply wander about aimlessly,
colliding with each other or with germanium atoms and moving in all
possible directions. Now, while the individual particles have a random
motion, it is possible to obtain a flow of current across the base be-
cause the particles, being charged similarly, tend to move from a
region of high particle concentration to a region of low concentration.
This is shown in Fig. 3-13b. If, now, we apply a strong attractive
electric field at the low-concentration end, the particles there are con-
stantly being pulled out of the base, thereby encouraging other par-
ticles to take their place. This will produce a continuous flow of

.| CcHARGES PULLED
S WAy BY
. STRONG FIELD

(a)

Fig. 313 {a) Random motion of holes and electrons implies no direction for diffusion, but (b} the
holes or electrons will diffuse from a region of high concentration to a region of low concentration.
{eell Laboratories Record)

particles from the region of high concentration to the region of low
concentration.

In a PNP junction transistor there is a high concentration of holes at
the emitter end of the base created by the forward bias between
emitter and base. These holes are injected by the emitter into the
base. At the collector end of the base, there is a strong negative field
that is due to the negative voltage applied to the collector and that
pulls in all holes that reach this point. Thus, there is a steady current
flow across the base region that is due to the diffusive action described
above.

A small but measurable time is required for holes injected into the
base by the emitter to reach the collector. Note that there are no elec-
tric fields within the base region. Whatever bias voltage is applied
between emitter and base appears across the junction separating the
sections. The same is true at the collector junction, where all of the
voltage applied between base and collector appears. Once the injected
carriers in the base reach the collector (in their aimless wandering),
they then travel extremely fast because clectrical forces are present
there.
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Now, if all the injected carriers required exactly the same travel
time, the net effect would be simply to delay the output signal with
respect to the input signal. In this random travel, however, not all the
arriers take the same path, and consequently the carriers (holes or
electrons) corresponding to a particular part of the input signal do
not all arrive at the collector at the same time. When the signal fre-
quency is low, this minute difference of arrival can be ignored. As we
increase the signal frequency, however, some of the late-arriving car-
riers begin to interfere with the carriers representing the next portion
of the signal, with resultant disturbance and cancellation effects. At
this point the amplitude of the output signal begins to fall off. The
dispersive effect becomes more and more pronounced as the signal
frequency rises, and the frequency response continues to decrease.

To minimize this effect, the base section should be made very nar-
row. As we make the base thinner, however, we steadily decrease the
reverse voltage which can be applied between it and the collector
section. Also, with exceedingly thin base layers, we not only run into
manufacturing difficulties but also encounter irregularities in thickness
or in impurity distribution which can result in the collector-to-emitter
short-circuit effect of punch-through. (There is also another effect,
namely, increased base resistance, which is detrimental to high-fre-
quency operation. This will be considered at a later point.)

In the drift transistor, we achieve the same effect as a thin base
region without actually reducing the region to the same extent. By
providing a graded impurity distribution in the base region, we estab-
lish an electric field there. Holes injected into the base region by the
emitter, in a PNP transistor, are accelerated toward the collector.
Thus, where previously they traveled aimlessly, they are now more or
less directed toward the collector, arriving much sooner than if the
base region possessed uniform doping. As the travel time decreases,
the maximum operating frequency rises.

The impurity distribution for a PNP drift transistor is shown in Fig.
3-12. The emitter is doped fairly heavily with an acceptor impurity
(such as indium). At the junction of emitter and base, the base im-
purity is at its highest level; thereafter it decreases until the ger-
manium_impurity level is quite low. This is somewhere around the
center of the base. From there to the collector, the germanium purity
remains constant. Since this section of germaninm contains very few
impuritics, it is frequently alled an intrinsic-region material; i.e., it is
almost pure germaninm. The clectrie field in this intrinsic region is
quite strong, and the holes travel through the region quite rapidly.
(In an NPN transistor, the base carriers would be electrons.)
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Other names for the drift transistor are graded-base transistor and
diffused-base transistor,

Meltback transistors. A simiilar type of graded-base impurity is
achieved by the General Electric Company in their high-frequency
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Fig. 3-14 Impurity distributions at each step of the diffused-meltback process.

meltback transistors (Ref. 3-3). The process starts with a germanium
(or silicon) crystal which is intentionally doped with both N-type-
donor and P- -tvpe-acceptor impurities. The dopmg concentrations are
such that the N-type impurity predominates, as shown in Fig. 3-14a.

In the second step of the process, called melthack, one end of the
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bar is remelted, or melted back, and then solidified again. This forms
the teardrop shape shown in Fig. 3-14bh. Because the impurities are
less soluble in the solid silicon than in the liquid, they will segregate
as the melted portion freezes, thereby forming the distribution shown
in Fig. 3-14b. Just at the dividing line between the portion of the
silicon bar (at the left in Fig. 3-14b) that was not melted back and
the end that was, the initial impurity concentrations drop to very low
values. In this region, the impurity is still predominantly N type, but
because there are fewer impurities, the resistivity here is higher. This
high-resistivity section extends for only a few thousandths of an inch,
and then the resistivity drops sharply as the impurity concentration
rises. Note that after meltback, the base region has not been formed
but is simply a junction between two N-type regions of different
resistivity.

The last step of the diffused-meltback process is forming the base
region, thereby developing the final NPN transistor structure, Fig.
3-14c. This is accomplished by subjecting the meltback bar to a long,
high-temperature heating cycle lasting many hours. Under these con-
ditions, the impurities on the high-concentration side of the meltback
junction diffuse within the solid semiconductor to the “plateau region”
of lower concentration. The chief feature of this action is that the
P-type impurity has the property of diffusing almost 20 times faster
than the N-type impurity in silicon. Therefore, on the plateau side of
the junction, there results an excess of P-type impurities over the
N type, corresponding to a thin P-type base region. By carefully con-
trolling the entire manufacturing process, bases as thin as 2 microns
can be obtained.

The final overall impurity distribution of the diffused-meltback bar
is shown in Fig. 315, where the net impurity concentration is plotted
as a function of distance. The emitter region corresponds to the un-
disturbed portion of the original silicon bar. Just at the emitter junc-
tion, the conductivity is slightly more N type because of the loss of
P-type impurities that diffused from the region. The junction from
emitter to base is quite abrupt, since the diffusion of the N-type im-
purities during the heating process is quite limited. Because of the
predominant diffusion of the P-type acceptors, the base layer is char-
acterized by a graded impurity, as shown. This introduces a built-in
field which decreases carrier transit time in the base region, just as in
the drift transistor.

Grown-diffused transistors. The diffusion process has also been
applied to grown-juriction transistors to produce a device which
has a better high-frequency characteristic than ordinary grown-
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junction units have. This is true primarily because a thinner base
can be developed with the grown-diffused method than by the grown
approach itselt.

The manner in which grown-diffused junction transistors are
fabricated is as follows. There are three steps to the process. First,
the collector is grown in the conventional manner, Fig. 3-16. Then
the growing is stopped and the impurities required for the base
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and emitter are added; after this, the growing is resumed. During the
growth that follows, the base-producing impurities diffuse up into
the collector, thereby producing a narrow base region. The thickness
of the base region depends on the relative doping levels, upon the
impurities used, and upon the growth rate and time taken to grow
the emitter region.

This approach is possible because donor impurities diffuse more
rapidly than acceptor impurities in germanium and thus a PNP
structure is produced. In silicon, the acceptor impurities diffuse more
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rapidly than the donor impurities and NPN structures are thereby
produced. Note that becanse the base is formed by diffusion, the
impurity distribution is graded, and this helps the high-tfrequency
response.

The mesa transistor. The mesa transistor represents still another
approach to the fabrication of high-frequency transistors. This method
is being widely employed because it lends itself to a relatively simple
fabrication technique and because its heat-dissipating characteristics
are more favorable than those of allov-junction transistors.
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Fig. 317 A mesa transistor.

The internal structure of a mesa transistor is shown in Fig. 3-17.
To start, a wafer of P-tvpe germanium is placed in a hvdrogen
atmosphere containing antimony which diffuses into the germanium
to a depth of about 0.04 mil. The next step is to evaporate gold
and aluminum stripes onto the diffused surface. This is done through
a rectangular hole in a molvbdenum mask that is placed over the
top of the germanium surface, Fig. 3-18. The aluminum and gold
evaporation sources are located at different positions to produce the
two stripes. An alloying operation follows the evaporation of the
alwninum stripe. In this step a P-type cmitter is formed. Thus, we
have a P-tvpe emitter, an N-type base, and a P-type collector. The
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gold stripe forms an ohmic connection to the base. After the fore-
going operation, the transistor clement is attached to the plated-
metal header,

The transistor wafer, to this point, has a rectangular structure, In
order to reduce the area of contact between the base and collector,
corner sections are cut away on either side to achieve the physical
form shown in Fig. 3-17. A mesa is formed, with the collector
flaring out at the bottom so that it covers a greater area at its base
than the area of contact between the collector and base. By develop-
ing this shape, the lowest possible collector capacitance is formed.
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Fig. 3-18

The job is done by masking the hill, or mesa, area with wax and then
stream-ctching by using a mixture of nitric and hydrofluoric acids.
The height of the mesa is approximately 0.5 mil. As a final step,
gold leads are bonded to the base and emitter stripes for external
connection to these clements (Ref. 3-7).

A variation of the mesa transistor is the p]anar transistor manu-
factured by Fairchild Semiconductor Corporation. Both units have
basically the same structure; the difference between them lies in the
manufacturing process. The planar transistor is fabricated by masking
the entire surface of the germanium: or silicon by an oxide layer
except for those arcas where diffusion is to occur. This results in an
improvement in those characteristics which are sensitive to surface
conditions, such as reverse leakage currents, breakdown voltages,
noise figure, and current gain.

Both the mesa (and planar) constructions offer a wider collector
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which, when properly connected to a metallic header, provides a
relativelv large heat-dissipating surface. Since heat  dissipation  is
always an important problem with transistors, any physica] structure
which facilitates heat removal is more desirable than structures which
do not.

Epitaxial transistors. Recently, a new manufacturing technique
has been developed for the fabrication of high-frequency transistors,
particularly those to he employed for switching operations. The
structure is again basically that of the mesa; however, the collector
consists of two regions instead of one, Fig. 3-19. The larger portion
of the collector is heavily doped to provide a very low resistivity.
This is shown in Fig. 3-19 as N, indicating that there is a relatively
high concentration of donor atoms. Over this is deposited a thin
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Fig. 3-19 (o) Mesa transistor. (b) Epitaxial transistor.

film, 0.1 mil thick, of very lightly doped semiconductor material.
The thin fihn combines homogeneously with the crystalline structure
below it (called the substrate) so that there is no discontinuity or
break in the crystal structure. From this point, the standard techniques
for fabricating mesas are used.

By this construction, lower collector resistance is obtained when
the transistor is saturated (see page 106). The construction also results
in a lower collector capacitance, and both of these features permit
faster switching time, i.c., going from an “on” to an “off” condition
and vice versa. (The use of a transistor as a switch will be discussed
in Chap. 8.)

Electrochemical transistor. Another high-frequency transistor is
the Philco surface-barrier transistor (Ref. 3-2). In cross-sectional
appearance, Fig. 3-20, this unit closely resembles an alloy junction
transistor. In mode of operation, however, it represents another
approach to a solid-state amplifier. In all the junction transistors
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described thus far, two forms of germanium were employed, that is,
P and N germanium. In the surface-barrier transistor, only one type
of germaninm, N germanium, is used. Electrodes serving as the
emitter and collector are plated clectrolytically on opposite faces
of a germaninm wafer. A metal contact is then soldered to one end
of the crystal and serves as the base clectrode. Unlike the situation
in junction transistors, the emitter and collector electrodes remain
coated to the surface of the germanium. There is no penetration of the
germanium lattice structure by the atoms of the metals.

To understand the operation of the surface-barrier transistor,
additional facts concerning the behavior of electrons inside a crystal-
line structure must be known. It has been found that energy levels,

N-GERMANIUM
_~ CRYSTAL

EMITTER _~ COLLECTOR

Fig. 3:20 Schematic crass section of
a surface-barrier transistor.

or orbits, may exist on the surface of a crystal and not be found in
the interior. It is believed that no orderly structure of energy bands
(snch as we have described in Chap. 1) exists on such a surface.
Rather, the leftover bonds of germaninm atoms, together with any
atoms of other substances on the surface, form a two-dimensional
solid with properties which are entirely different from those in the
interior. It is felt that there are no forbidden bands among the
surface atoms comparable to the forbidden bands found in the
interior atoms. It is because of this absence that a number of free
electrons move to the crystal surface and concentrate there in
sufficient strength to produce a negative field which repels other
electrons of the N germanium toward the interior, thereby creating
a nearly insulating region containing a strong electric field just
beneath the surface. This is the reason the N germanium in Fig. 3-20
is shown shaded in the interior but left unshaded in a narrow strip
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along the surfaces. The insulating strip is referred to as a surface
barrier.

A metal cleetrode which is brought in contact with the germanium
erystal, Fig. 3-20, can communicate with the main body of the
crvstal only through the surface-barrier region. If we apply a negative
potential to the metal plate, it will further repel the interior electrons
away from the surface and cause the intervening layer to become
wider. Making the metal clectrode positive will attract the interior
clectrons and reduce the width of the insulating layer. Current fow
between the surface electrode and the inner portion of the crystal
can thus be made smaller or larger as desired.

To form a transistor with the N germanium, we require an ap-
propriate distribution of holes which will travel from cmitter to
collector as they do in a comparable PNP junction transistor. In the
surface-barrier transistor it is found that a population of holes exists
just under the germanium surface. These holes arise from the valence
clectrons that are thermally excited enough to leave their atoms and
move into some of the cnergy levels at the surface which are
intermediate between the conduction band and the valence band.
The electrons come from the atoms located near the surface, and for
every such clectron departure, a hole is created, This action is
confined to the atomic layer just below the surface; the rest of the
germanium interior produces relatively few holes. Some metal contacts
produce a denser hole population under the surface of the germanium
than others. The most useful metals for this purpose are indinm and
zinc.

In review, then, we sce that the surface-barrier transistor owes all
its characteristics to the special conditions which exist at the surface
of a crystalline structure. The strong electron field at the surface
forces free electrons to remain in the interior. Also, because of the
presence of intermediate energy levels at the surface, holes are found
concentrated just below the surface. When a metal contact to the
crystal is made positive, it repels these holes through the barrier.
This would be the emitter electrode. The other electrode, the
collector, is reverse-biased (i.e., biased negatively), and holes coming
within its field after passage through the germanjum body will be
drawn to the surface.

The surface-barrier transistor thus consists of a germanium crystal
which forms the base plus two metal clectrodes, on opposite faces
of the crystal, which serve as the emitter and collector electrodes.
A positive emitter will drive the holes toward the collector, but at
the same time it will attract the interior electrons. For efficient
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transistor operation, the electron current should be reduced as much
as possible, since only the hole current is desired at the collector.
This was achieved by bringing the collector electrode within 0.0002
in. of the emitter. The negative charge on the collector drives the
germanium free electrons away from the emitter, while at the same
time, it presents a greater attractive force for the holes.

To achieve the minute spacing required, a process of “electrolytic
machining” is employed. Two tiny jets of a metal salt solution are
directed from miniature glass nozzles toward opposite faces of a
germanium wafer, with the latter serving as the anode and electrodes
in the glass nozzles serving as the cathodes. This action etches away
the germanium under cach jet until the desired amount of material
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Fig. 3-21 Jet-etching and plating the surface-barrier transistor.

has been taken away. Then the voltage polarity is reversed, and now
the same jets are made to electroplate the metal jons of the salt
solution directly upon the freshly etched surface of the germanium,
Fig. 3-21. This forms the desired emitter and collector eclectrodes.
Thus, electrolytic machining is a very cfficient and ingenious method
of using a salt solution to accomplish both ctching and electroplating.
Diameter of the emitter is 0.005 in., and that of the collector is
0.007 in.

A later version of the surface-barrier transistor (commonly called
SBT for short) is the microallov transistor (MAT). This differs
from the surface-barrier transistor in that it employs  extremely
shallow alloy contacts in place of the surface-barrier contacts.
The result is a higher carrier injection efficiency (emitter to base) so
that greater current gains can be achieved at higher frequencies.

The microalloy transistor is fabricated as follows (Ref. 3-4). A
germanium  blank is mounted on a base tab and jet-etched to a
thickness of about 0.1 mil. Indium contacts of the order 3 to 8 mils
in diameter are jet-plated in the bottom of the ctch pits to a thickness
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of about 1 mil. A lead wire having a drop of solder composed of V4
to 1 per cent gallium in indium is brought into contact with the
jet-plated electrode, Fig. 3-22a. A hairpin-shaped heating element
supplies the heat for the solder operation.

When the surface-barrier transistor is fabricated, the low-melting-
point solder that is used prevents the indium from melting during
the soldering of the lead. In the MAT, the indium-gallium solder
melts at the same temperature as the jet-plated indium dot. The
solder flows down into the jet-plated electrode and dissolves a small
amount of germanium. Upon freezing, or solidifying, the germanium
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Fig. 3-22 (a) Cross section of jet-etched jet-plated blank microolloy transistor with lead wires not
soldered. {b) Leod wires soldered.

is redeposited back onto the original germanium blank. This rede-
posited germanium is highly doped P type by the indium, Fig. 3-22D.
Thus, we now more closely approach the PNP alloy-junction transistor.

A still later version is the so-called microalloy diffused transistor
(MADT), in which the base has a graded or diffused impurity.
This provides still higher frequency operation than either of the
preceding two types. Prior to the jet-etching process, impurities arc
diffused into the starting material in a manner similar to that already
described for the drift transistor. Thereafter, the processing con-
tinues as it does for the MAT.

The foregoing discussion has covered the most important types of
transistors and their fabrication techniques. Variations of these
methods wherein several methods have been combined to achieve
a desired set of operating characteristics will be found. In time.
newer techniques which will either modity existing methods or replace
them completely may come along. At the present time, however, the
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frequency capabilitics of transistors extend into the kilomegacycle
range.

Cutoff Frequency

The frequency characteristic of a transistor is often given in terms
of a cutoff frequency. One such frequency is that at which the ratio
of collector or output current to emitter or input current (lr()ps to
0.707 (i.e,, 3 db) of its value at 1,000 cycles. This ratio, incidentally,
is designated by the Greek letter alpha («).

It will be found that transistors will operate as oscillators at much
higher frequencies than the indicated cutoff frequency. On the other
hand, for amplification, a transistor having a 3-db drop in the current-
amplification factor at, say, 3 Mc may have a significant reduction in
voltage or power gain at 0.5 \c or less. Thus, for any useful gain,
it is frequently necessary to restrict the operation of a transistor well
below the rated cutoff frequency.

There are other ways of specifying the frequency characteristic of
a transistor, for example, fr, fu.., or fo.. These will be discussed after
we have examined the operation of transistors in various circuits.

Temperature Effects

The ability of properly processed germanium to serve as a transis-
tor depends wholly on the electronic bonds and lattice structure
existing within the germanium crystal. It was noted previonsly that
too high a concentration of impurities will increase the conductivity
of the germanium to such an extent that the effectiveness of the
base in controlling emitter and collector current is destroyed. Con-
ductivity will also rise with temperature. An increase in thermal
energy will lead to more broken covalent bonds, more free clectrons
and holes, and a greater current flow in both input and output
circuits for the same applied voltages. This, in turn, will reduce
control of the collector current by the base and practically nullify
the transistor action in the germanium. It is even possible for the
thermal action to feed on itself and eventually destroy the transistor
completely. The higher temperature resnlts in more cnrrent, which
raises the temperature even higher, which resnlts in more current,
etc.,, until the entire unit is permanently damaged. (This cffect is
frequently referred to as thermal rinaway. )

Even if the increase in temperature does not prove detrimental to
the transistor, it can be the cause of distortion because of a shift in
operating point. When a transistor is (‘mpl()yed in a circuit, say an
amplifier, a suitable operating point is selected. This operating point
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represents a certain collector current at a certain collector voltage,
perhaps 5 ma at 6 volts. When the signal enters the stage, it varies
the collector current and the collector voltage follows suit. These
-ariations in the collector circuit represent the output signal.

Suppose, now, that because of temperature, the operating collector
current increases (in the absence of a signal) to 6 ma, This will
cause a greater voltage drop across the load resistor and leave less
voltage for the collector. Signals now passing through this stage can
swing the collector voltage over a smaller range bhefore cutoff occurs.
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Fig. 323 Typical collector characteristic curves for a transistor.

Furthermore, as the collector voltage decreases, the transistor charac-
teristic curves tend to become more nonlinear, Fig. 3-23, and this, too,
is a source of distortion. Finally, by raising the collector-current
operating-point value, more collector dissipation develops. This leaves
less leeway for the signal before the maximum safe dissipation value
is reached.

In transistor-characteristic charts, such as we shall study presently,
the maximum collector dissipation is specified at a definite tem-
perature (generally 25°C). 1f the operating temperature exceeds
this value, then it becomes necessary to lower the collector-dissipation
rating.
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Sometimes, two maximum temperature ratings will be given:
one, the lower one, in free air; the other when the transistor is
mounted flush against a metallic surface (such as an aluminum
chassis) which will conduct the heat awayv. These heat conductors
are the heat sinks previously discussed on page 54, and they can
make an appreciable difference in the maximum dissipation rating.
For example, one Sylvania NPN transistor has a collector-dissipation
rating in free air of 2.5 watts and a rating of 4.0 watts when mounted
flush against an aluminum chassis. This is a significant point to keep
in mind, particularly when the transistor is to be operated near its
maximum rating.

In addition to an operating temperature, there is a maximum
storage temperature. This is determined by life tests and is limited
by the melting point of the materials within the transistor case or
by parameter stability. Parameter instability (i.c., changes in operating
characteristics) results because of the increased chemical action at
elevated temperatures affecting the surface of the transistor, This,
in turn, affects the transistor parameters or characteristics.

For example, the « cutoff frequency of a transistor will generally
decrease with temperature. Another important parameter, Ieno, in-
creases with temperature, approximately doubling in value for every
10°C rise. Ir, is an important characteristic that will be encountered
again and again, and some explanation of it is in order. Iy, is var-
iously called the collector leakage current and the collector saturation
current. Actually, saturation current is a preferable term, since leakage
is only one component of its total value.

I 4o is the current that flows through a transistor when the collector-
base junction is reverse-biased and the emitter is open, Fig. 3-24.
The notation I.x, was selected to reflect this fact. Thus, the CB
following the capital letter I stands for collector and base. They are
the two elements that are reverse-biased. The condition of the third
element, here the emitter, is open-circuited, as indicated by the
letter O.

With the collector-base diode reverse-biased, one would expect
zero current. In reality, however, it is impossible to fabricate P-tvpe
semiconductors without some free electrons or N-type semiconductors
without some excess holes. These minority carriers account for a
small current flow even though the collector-base diode is reverse-
biased, Current flow takes place in the following manner. The
minority carriers from cach section, electrons in the P region and
holes in the N region, are forced toward the junction under the
influence of the applied battery voltage. Some of the electrons and
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holes combine and neutralize each other’s electrostatic charge. But
this loss of electrons from the P section upsets the electrical neutrality
that originally existed there, leaving it with a net positive charge.
The positive field attracts additional electrons from the negative
terminal of the battery. At the same time, the loss of holes (due to
the same action above) leaves the N region with a net negative
charge. (Remember, both sections were electrically neutral before
the battery was connected to them.) To satisfy this charge, additional
holes are formed in the N section, while the electrons that were
combined with these holes move to the positive terminal of the
battery.

The foregoing provides a continuous flow of current, with electrons
traveling from the negative battery terminal into the P section, while

Fig. 3:24 The manner in which Icpo
is measured.

+]i—
I’

electrons from the N section enter the positive battery terminal. Since
the number of minority carriers originally available was small, the
current under reverse-bias conditions is also small.

The small current that flows when the collector-base diode (or
any PN junction) is reverse-biased actually consists of two compo-
nents. One is the current indicated above, i.e., the current produced
by the minority carriers in each section. This current is the saturation
current, and it doubles for approximately every 10°C rise in junction
temperature. The heat sensitivity stems from the fact that as the
temperature rises, thermal energy is imparted to the atoms forming
the diode, enabling some of the previously held valence electrons
to break loose from their covalent bonds. And, of course, for every
clectron that breaks loose, a corresponding hole is created. Thus, the
supply of minority carriers rises and, with it, the reverse current rises.

The second component of Icpe stems from the leakage of current
across the outer surfaces of the transistor, This component is voltage
dependent because it basically follows Ohm’s law, £ =IR. It is
also somewhat temperature sensitive, however, probably because the
resistance presented by the semiconductor surface itself is tempera-
ture sensitive.
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Although Iy is ordinarily less than 10 pa for germanium at 25°C,
it rises rapidly as the temperature goes up. Thus, at 65°C, it will
attain a value of 160 ua, or 0.16 ma, a value too large to be ignored.
Ieno is detrimental to transistor operation because it represents an
uncontrolled current which will, through its presence, upsct the
designated operating conditions for the circuit. Hence, I.5, must be
taken into account in any circuit design. I, is the full notation for
this current; frequently, however, it is shortened to I.,.

The collector-current rise with temperature may also be caused
by a change in the emitter-to-base resistance. This effect is discussed
in Chap. 12.

Silicon Transistors

The emphasis in the preceding discussion has heen on germanium
as the semiconductor material from which transistors were made.
It is also possible to employ silicon as the fundamental building
block for a transistor, and this is indeed being done. Silicon is suitable
for diode and transistor operation because its physical properties
closely parallel those of germanium. Thus, silicon is a semiconductor
with four valence electrons and, in the solid state, will form a
cubic crystal lattice in which the various atoms are held together
by the same mechanism of covalent bonds. It is possible to replace
some of these atoms by impurities, of either the donor or acceptor
variety, and form N-type or P-type silicon. By combining suitable
P- and N-type sections of silicon, rectifier diodes or complete transis-
tors can be fabricated.

In view of the physical similarities between silicon and germanium,
it is only natural to investigate both substances to determine which
is best suited for transistor operation. Actually, as we shall sce,
there are certain advantages and disadvantages to either, and it
becomes a matter of selecting the unit that possesses the greatest
suitability for a specific application.

Of the two substances, silicon is far more abundant in nature than
germanium. As a matter of fact, silicon compounds form over 85
per cent of the earth’s crust. All sand, for example, is silicon dioxide,
while additional silicon compounds are present in many rocks. Un-
fortunately, silicon is never found in the free state, and in order
to utilize it for transistor manufacture, extensive separation and
refining methods must be employed. This represents a major obstacle,
because silicon is not casily reduced to the pure state. It is an
extremely  difficult substance to melt or purify, and its processing
requires high-powered, complex, and expensive furnaces. In spite of
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these difficulties, silicon is being mass-produced, and an increasing
variety of silicon diodes and transistors is being marketed.

One of the most important advantages of silicon, which is in
large measure responsible for much of the attention being devoted
to this element, is the low collector saturation current Ie, which
silicon transistors exhibit. Table 3-1 contains a comparison between
what might be termed typical junction-transistor characteristics for
both silicon and germanium, and the great disparity in Ico values
is readily observed. The ratio might be anywhere from 100:1 to
500:1. The rate of increase in I, with temperature is about equal
for Dboth types of transistors. Since the value of I, for silicon is so
extremely small at room temperature, however, the unit can be used
at much higher temperatures before it becomes troublesome.

Another property in which silicon excels is its collector resistance
r.. This value is higher than the comparable collector resistance of
germemium transistors. As we raise the operating temperature, r. in
both tvpes of transistors will decrease, but since we start with a higher
value in silicon, it is possible to go to higher temperatures before r.
becomes too small to use. When the behavior of I., and r. is con-
sidered, it is seen why silicon transistors possess higher maximum
dissipations and why they are useful as high as 150°C.

These characteristics are directly attributed to the larger energy
gap that exists between the valence band and the conduction band in
silicon atoms. It will be recalled, from Chap. 1, that in order for
an electron to jump from the valence band to the conduction band,
a certain amount of energy is re([uired. More cnergy is needed
to accomplish this jump in silicon than in germanium. This same
factor also explains why more bias voltage is nceded to produce
a certain current in the emitter. This is indicated in Table 3-1,
which also shows that the base resistance is higher in silicon
transistors. When the silicon unit is employed as a grounded emitter,
the higher base resistance requires more driving power from the
preceding stage.

Both current and power gains of silicon units are lower than those
of corresponding germanium transistors. The mobility of electrons
in silicon is about one-seventh that of electrons in germanium. This
tends to work against the frequency response of silicon transistors.
There are, however, other factors that have to be taken into con-
sideration when considering frequency response. For example, col-
lector capacitance C. is a very important l'roquency-deternnining
factor (as we have already seen in this chapter), and in silicon
wnits this value is lower than in germanium transistors. Another
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compensating factor is that higher collector voltages may be emploved
with silicon transistors; this serves to decrease turther the effective
value of C. and thus aid the frequency response,

Silicon transistors are currently being fabricated by essentially the
same methods as those employed for fabricating germanijum  transis-
tors. These include grown-junction, alloy-junction, diffusion, and
meltback techniques. The manufacturing processes are more difficult,
and the best silicon crystals produced to date are still not so pure

Table 31 Camparative Characteristics af Silican and Germanium Transistars

Germanium

Silicon =
Symbol Grown Girown Alloy
Colleetor:
Voltage (maximum), volts Ve 40 40 25
Dissipation (maximum), mw .. ... 150 50 50
Cutoff eurrent, pa 1o 0.02 2 10
Capacitance, puf (€% 7 14 40
Conductance—parallel, umhos g, 0.3 0.2 10
Emitter:
Current (minimum usable), ma I, 1 0.01 0.1
Reverse voltage (maximum),
volts Vs 2 10 5
Bias voltage, mv Ve 500 160 160
Resistance, ohms T 100 25 25
Base, resistance, ohms 'y 500 150 300
Ciain:
Power, db G, 35 47 40
Current B 26 35 40

Sovrce: Electronic Design magazine.

as comparable germanium crystals. In spite of this, silicon transistors
which can operate above 100 Mc have been produced.

Life Expectancy

An important consideration in the application of any electronic
device is its life expectancy. How long will this component last
under normal operating conditions? In the case of transistors this
is an especially pertinent question since they, like tubes, form vital
links in circuits.

Failure of a transistor can be one of three kinds: mechanical
failure, bulk failure (arising from some defect in the bulk of the
material), or surface failure (Ref. 3:6). We are not concerned here
with failure due to misuse, such as a current overload or the applica-
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tion of too high a voltage. Only failures arising from manufacturing
difficulties will be considered.

Mechanical failure. Into this category fall such things as poorly
made connections, excessive strain on sections of the transistor, the
application of too much heat during the soldering operation (when
wires are soldered to the transistor sections), or the differential
expansion between adjoining parts. When a transistor is properly made
mechanically, it will withstand centrifugal forces with accelerations
as high as 31,000 times the force of gravity (i.e., 31,000 g) and impact
tests with accelerations as high as 1,900 g. This is far in excess of
the forces which will completely shatter most conventional vacuum
tubes.

Bulk failure. Bulk failure arises from changes in the internal
crystalline structure of the transistor body. For example, impurities
that exist on the inside of the transistor housing or on the surface
of the transistor can, in time, diffuse into the body of the transistor
and alter the internal structure, particularly in the neighborhood
of the junction. Fortunately, at normal operating temperatures, such
diffusion is quite small and can ordinarily be neglected.

Of far greater importance is the effect of nuclear radiation which
can penctrate into the transistor body and displace atoms from
their normal positions, thereby causing them to appear at points
where they were not intended to be. This disrupts the crystalline
structure and modifies the electrical behavior of the unit. For example,
the resistivity may decrease and thereby increase the leakage current
for a particular applied voltage. Or the current gain may be affected,
usually lowered, because the disrupture of the crystal structure in
the base prevents as many minority carriers from reaching the
collector.

The effects of nuclear radiation are generally cumulative, so that
what may start ont to be only a minor change in characteristics
ends up by becoming a pronounced change. It is for this reason that
transistors must be carefully shielded from all types of nuclear
radiation.

Surface failure. By far the greatest number of transistor failures
stem from changes at the surface of the transistor. Water vapor, for
example, which condenses on a transistor surface will decrease the
collector breakdown voltage and increase the collector current.
Neither condition is desirable. A reduction in the collector breakdown
voltage means that less collector voltage can be applied to the unit,
and this limits output power. An increase in collector current means
higher internal heat generation at the operating point and hence
less leeway for the signal.



TRANSISTOR CHARACTERISTICS 817

To avoid these changes, transistors are now hermetically sealed in
a dry atmosphere. Even with hermetic scaling, surface changes may
still occur. To minimize them, many manufacturers place a coating
over the transistor surface which acts to protect the surface without
reacting with it. Such transistors may be encapsulated with an inert
gas such as hydrogen, argon, or helium, or the housing may be
filled with an inert substance such as silicone grease.

Finally, it must be appreciated that in transistors we are dealing
with extremely small dimensions, particularly at the junctions. Even
a microscopic particle of dust falling across a junction can completely
short-circuit it. Transistors must thus be fabricated under the most
sterile conditions, and almost every transistor-fabrication plant has
one or more “white” rooms where extensive air-cleansing equipment
constantly filters out any dust particles that may be brought in.

COLLECTOR
BASE Fig. 3:25 The schematic symbol for
a transistor.

EMITTER

These precautions extend even to the personnel, who are required
to pass through special outer rooms where much of the dust from
their clothing is removed. They then don white laboratory coats and
even special head coverings so that any dust or dirt they may still
carry on their bodies or clothing does not enter the atmosphere
of the workroom. This is a far cry from the working conditions under
which other components are fabricated, but the minutencess of the
transistor structure and the sensitivity of the transistor to contamina-
tion make the precautions obligatory.

Transistors are too new a development to have enabled us to
gather sufficient data concerning their full life span. It is, however,
expected that they can be made to last more than 200,000 hr, either
on the shelf or in operation. This means that a transistor might
operate continuously for 20 years, a period greater than that we
can now reasonably expect from all but a very few specially made
vacuum tubes.

Transistor Symbols

Circuit symbols for transistors are still somewhat in a state of
flux, although the point at which one will see fewer and fewer varia-
tions has been reached. The basic symbol for a transistor is shown in
Fig. 3-25. The emitter element has an arrowhead, the base is a
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straight line, and the collector element is shaped like the emitter,
but it possesses no arrowhead. This svmbol is used for both point-
contact and junction transistors and, like the tube svmbol, may be
placed in any position.

To distingnish between NPN and PNP transistors, the method
shown in Fig. 3-26 is employed. If the emitter is a P-tvpe germanium,
the arrowhead is directed in toward the base. On the other hand, if
N-tvpe germanium is used for the emitter, the arrowhead points
away from the base.

Three minor variations that have been cmploved are shown in
Fig. 3-27. Their use is not extensive, and actually they would not
cause any confusion. In addition, there are other types of transistors,

COLLECTOR COLLECTOR
Fig. 3-26 To distinguish between PNP and
E ASE
BAS BAS NPN transistors, the method shown is fre-
quently employed. This notation will be
EMITTER EMITTER followed in this baok.
fa) PNP {b) NPN
EMITTER COLLECTOR  EMITTER COLLECTOR COCLECTOR
' BASE BASE EMITTER
() () {c)

Fig. 3'27 Three additional symbols that have been employed ta represent transistors.

and where their form differs significantly from the transistors dis-
cussed, other symbols are used. A number of these transistors are
examined in Chap. 8, and appropriate symbols will be given there.

Comparison with Vacuum Tubes

Transistors are designed to perform the same functions as vacuum
tubes, and it is therefore onlv natural to want to compare the two
electrically to see wherein they differ and wherein they are similar.
As a first step, let us consider these two components in the light of
their internal operation. In a transistor, current flow through the
various germanium sections is initiated by the flow of electrons or
holes from the emitter section. In a vacuum tube, this initiation
starts at the cathode. Thus we could say that the emitter in a transistor
is equivalent to the cathode in a vacuum tube. (The word “emitter,”
of course, is a clue to the function of this element.)



TRANSISTOR CHARACTERISTICS 89

The recipients of this current flow are the collector in the transistor
and the plate in the vacuwn tube; hence, these two elements can
be considered to be equivalent in their actions. This still leaves the
grid in the vacuum tube and the base in the transistor, and the
equivalence of these elements is seen in the fact that whatever
cuwrrent flows from emitter (or cathode) to collector (or plate) must
flow through the base (or grid) structure. Current flow in both
devices is governed by the potential difference between emitter or
cathode and base or grid. Figure 3-28 illustrates these analogies
between transistor and vacuum tube.

The next step is to consider both devices in terms of the d-¢ volt-
ages which are applied to their elements. In a vacuum tube the
grid is practically always biased negatively with respect to the
cathode. This makes the grid impedance very high (except at high

PLATE
COLLECTOR

GRID BASE

CATHODE EMITTER

Fig. 3:28 Comparable elements in tubes and transistors: grid and base, cathode and emitter, and
plate and collector.

frequencies, where other effects enter the picture). The plate, on the
other hand, is always given a potential which is positive with respect
to the cathode. The purpose of the plate is to attract the electrons
emitted by the cathode, and since electrons possess a negative charge,
a positive potential is needed to attract them.

In the transistor, conditions are somewhat different, though we
wish to accomplish the same purpose. To initiate a flow of current,
there must first be a flow of current between emitter and base and
the bias batterv must be connected to produce that current flow. This
is what determines the polarity connections of the bias battery.
If the emitter is formed by P-tvpe germanium, the base will con-
tain N-type germanium and current flow will occur between these
sections when the positive bnttery terminal connects to the P-tvpe
emitter and the negative battery terminal connects to the base. We
have spoken of this as forward-biasing, and under these conditions
the impedance of the emitter circuit is low. Here, then, is a marked
departure from conventional amplifier practice as we know it now.

When we emplov N-type germanium for the emitter and P-type
germanium for the base, we must reverse the battery connections
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if we are to obtain the desired current flow through the emitter. Thus,
the guiding thought in the emitter circuit is current flow, and we alter
the battery conditions to suit the type of germanium being used in
order to achieve our objective. Here is a radical departure from
anything we have known in vacuum-tube practice, and it points up
something which we have hinted at throughout the preceding dis-
cussion. That is, transistors are current-operated devices, while vac-
uum tubes are voltage-operated. «, for example, is the symbol
representing the ratio Al./Alg, where Al is the change in collector
current and Al is the change in emitter current. The counterpart of
this symbol in the vacuum tube is g, the ratio of a voltage change in the
plate circuit produced by a voltage change in grid circuit. Again we
sec the emphasis on voltage in a tube as against current in the
transistor.

In the collector circuit the proper battery biasing is such that the
current flow is reduced to a minimum. (Note that it is not zero,
although it is only on the order of microamperes.) This is known as
reverse-biasing and is always true with collectors. To attain this
condition, we must connect the battery in accordance with the type
of germanium used in the transistor. If the collector is formed of
P-tvpe germanium and the base has N-type germanium (in a PNP
junction transistor), then the negative terminal of the battery goes
to the collector and the positive terminal to the base. Conversely,
if the collector has N-type germanium and the base P type, the
reverse is true. Great care must be observed when connecting the
collector battery because biasing in the forward direction may cause
so much current to flow through the collector-base sections that the
resulting heat will permanently damage the transistor and render
it unfit for further use. The excess current flow is due to the higher
potential of collector batteries. While the applied emitter voltage
is generally less than 1 volt, the applied collector voltage can be as
high as 221 volts. A junction biased in the forward direction with
this high a voltage will receive enough heat from the ensuing current
to be permanently affected. In a vacuum tube, no similar condition
exists and we have never had to observe this precaution.

Basic Transistor and Vacuum-tube Amplifier Circuits

All vacuum-tube amplifiers can be divided into three classifications:
grounded cathode, grounded grid, and grounded plate. A similar
division exists for transistor amplifiers: grounded emitter, grounded
base, and grounded collector. In the sections to follow, the basic
differences among these groups will be examined. Further elaboration
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will then be made in the succeeding chapters dealing with applica-
tions.

Classifying vacunm-tube amplifiers in terms of grounded cathode,
gronnded grid, and grounded plate is a practice that has recently
begun to gain favor among workers in the field. The term “grounded-
grid amplifier” is not particularly new, but it has not been common
practice to call the conventional amplifier a grounded-cathode ampli-

ATy OUTPUT
INPUT gt INPUT j%\ B+
— BYPASS / ]
REFERENCE - CAPACITOR REFERENCE B~ OR B+
LINE
(a)
OuTPUT
L ourpuI >
o CATHODE
RESISTOR
| B+ g
INPUT ik INPUT
| “aypass
T ' CAPACITOR
' - -
{c} {d)

Fig. 3:29 (o) Grounded- or common-cathode amplifier. (b) Same amplifier with cathode returned
to a d-c reference voltage instead of to ground. (¢} Grounded- or common-grid amplifier, where
grid is common to both input and output circvits. (d} Grounded- or common-plate amplifier. If the
last stage appears strange, turn it around and the familiar cathode follower will be immediately
evident. Allthe amplifiers have been drawn in the manner shown to bring out the reason for their
indicated designations.

fier or the cathode follower a grounded-plate amplifier. Yet when you
stop to think about it, that is precisely what these amplifiers actually
are.

Consider, for example, the conventional amplifier circuit shown in
Fig. 3-29a. The inpnt signal is applied to the grid, while the output
signal is taken from the plate. The cathode usually has a resistor in
its circuit, but the resistor is bypassed in most applications by
capacitor that is frequently large enough to place the cathode at
ground potential so far as the signal is concerned. Under these
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conditions, the cathode need not be at ground potential with respect
to a d-¢ voltage and, indeed, usually has some positive voltage on it
because of the voltage drop across the cathode resistor. Signahwise,
however, the cathode is at ground potential. This, then, is a grounded-
cathode amplifier.

Note the situation does not change if the cathode is returned to
some positive or negative d-c voltage, as in Fig. 3-29D, instead of to
ground. In this instance, we have simply changed our reference
point from one d-c¢ voltage (zero) to another d-c voltage which may
be higher than zero (i.e., positive) or lower than zero (ie, negative).
Amplifier operation, however, remains the same. Whatever the polarity
of the d-c voltage chosen, this is still the point from which the other
d-c voltages on the tube are measured.

The above designation remains the same even when a cathode
bypass capacitor is not employed. This simply has the effect of
introducing some inverse feedback. The signal input and output
points are unaltered, and the cathode is still common to both input
and output circuits.

The key word in the last sentence is “common.” The more gencral
definition of a grounded-cathode amplifier is one in which the cathode
is common to both input and output circuits. Hence, the name “com-
mon cathode” is interchangeable with “grounded cathode,” and both
names will be used throughout the book. The same applies to
grounded-grid (or common-grid) and grounded-plate (or common-
plate) amplifier. The word “ground,” in nearly all its applications in
electronics, should more frequently be considered in its general sense
of being a reference point common to one or more circuits. The
beginner in electronics is often led to believe that ground possesses
special properties not found in other portions of the circuitry. A
ground is best regarded as just another conductor which derives any
special qualities it may have only by virtue of the fact that it is
common to several circuits. The notation common-base, common-
emitter, and common-collector amplifier is also widely used.

In a grounded- or common-grid amplifier, Fig. 3-29, we place
the grid at signal ground while the input signal is applied to the
cathode and the output signal is obtained at the plate. Again, note
that the grid may have some d-c¢ voltage on it, for biasing purposes,
without affecting the designation or operation of the stage.

The final arrangement, grounded- or common-plate, is shown in
Fig. 3-29d. Here the plate is returned to signal ground, while the
input signal is applied to the grid, and the output signal is obtained
at the cathode. The best-known name for this amplifier is “cathode
follower.”



TRANSISTOR CHARACTERISTICS 93

Each of these amplifiers has its own characteristics stemming
from the method of connection. For example, the grounded-cathode
amplifier will provide the greatest voltage and power ampliﬁcation,
while the grounded-plate amplifier will provide the least. On the
other hand, the grounded-plate amplifier is best suited to provide a
match between high- and low-impedance systems. Each has certain
characteristics which make it the most desirable arrangement for
certain applications. It will be found that the same is true of transis-
tor amplifiers.

Grounded-base amplifier. It is convenient to start a detailed
examination with a grounded-base transistor amplifier. This is shown
in Fig. 3-30a. The input signal is applied to the emitter, and the

OUTPUT

=i
' EMITTER| — COLLECTOR
L ems) VOLTAGE

(a)

Fig. 3:30 (a) A graunded-base transistor amplifier and (b) the analogous grounded-grid
vacuum-tube amplifier. The palarity of the voltages used in the transistor circuit will be governed
by the doping of the semiconductor used for the various elements. Here an NPN transistor is
shown,

output signal is obtained at the collector. The equivalent vacnum-
tube amplifier is shown in Fig. 3-30h. The grid, being equivalent to
the base, is grounded. The signal is then fed to the cathode; the plate
is the output circuit.

In a grounded-grid amplifier, the input and output signals have
the same polarity; i.c., passage through the tube does not alter the
phase of the signal. In a grounded-base transistor amplifier, the same
behavior is found. To illustrate this, the amplifier of Fig. 3-30¢ has
been drawn using an NPN transistor, and the battery polarities have
been chosen accordingly. Assume, now, that the incoming signal
is positive at this instant. This positive voltage will counteract some
of the normal negative bias between emitter and base and serve to
reduce the current flowing throngh the transistor. This, in turn, will
reduce the voltage drop across R., making the collector potential
more positive. Thus, a positive-going input signal produces a positivc-
going output signal.
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During the negative half cycle of the input signal, the emitter will
be driven more negative than it normally is with respect to the base.
This will increase the flow of electrons (here) from emitter to col-
lector and cause the negative voltage drop across R. to increase.
This will drive the collector more negative. Again we see that the
polarity of the output signal is similar to that of the input signal.

For the output, a load resistor of 10,000 ohms is a common value.
In so far as current is concerned, there is less at the output (i.e.,
the collector) than at the emitter. The difference is the 1 or 2 per
cent that is diverted to the base. This ratio of output current, I, to
input current, I, or I/l is the «, or heg of the transistor. (lipr
is the hybrid symbol for a. These hybrid characteristics or parameters
are employed extensively on transistor data sheets and it is desirable
for the reader to become familiar with them. They are explained at
length in Chap. 12.) Thus, the current gain of this amplifier arrange-
ment is less than 1, and this might lead one to helieve that the circuit
has little utility. This is not true; a sizable voltage gain may be
obtained because the output load resistance value is so much higher
than the input resistance. Thus, if we assume an input resistance of
50 ohms and a load resistance of 10,000 ohms, then the voltage gain
(input to output) is
E(M [CRL

Ew  TeRi

Voltage gain

%‘ = 098 for a typical value
E
Hence,
Voltage gain = _l‘_m_w = (.98 X &'_Om
[’JIN 50
= (.98 X 200
= 196

By the same token, a power gain is also possible:

Power = I’R

Povyr

D - ]
Power gain P
IN

It Rt
0.982 X 200
0.96 X 200
Power gain = 192
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We have indicated above that the input impedance of a transistor
in the grounded-base configuration is quite low. The output im-
pedance, if we remove the load resistor and look into the collector,
is very high, on the order of 1 to 2 megohms. However, when we
connect a load resistor of 10,000 ohms, then this is the value of the
output impedance since it completely swamps the 1 to 2 megohms
with which it is basically in parallel. It is well for the reader to keep
this distinction in mind, because reference is often made in the
literature to the high output impedance of the common-base arrange-
ment, and this means, we indicated above, without the load resistor.
Once a much smaller load resistance is connected to the collector,
its value will essentially determine the output impedance.

x>
OUTPUT

Fig. 3:31 (o) A grounded-emitter amplifier and (b} its vacuum-tube counterpart. An NPN transistor
is used in a; for a PNP transistor, the polarities of the batteries would have to be reversed.

Grounded-emitter amplifier. The grounded-emitter amplificr, Fig.
3-3la, is the most popular of the three types. The input signal is
applied to the base, and the output signal is obtained at the collector.
The equivalent vacuum-tube amplifier is shown in Fig. 3-31D, and the
reader will immediately recognize this as the most common amplifier
in use today.

It turns out, when the mathematics of gronnded-emitter circuitry
is worked out, that this arrangement possesses a number of advantages
for the junction transistor over the grounded-base approach. For
one thing, the input impedance is higher, averaging between 700
and 2,000 ohms. The output impedance, looking into the collector
before any load resistor has been connected, is about 500,000 ohms.
This is less than the value presented by the common-base amplifier.
The same 10,000 ohms of load resistance is usually employed here
as well, however.

Since the input signal is applied to the base in the common-emitter
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arrangement, it is the variations in signal which control the collector
current. Hence, current gain here is

Ic
Ip
B8 or hrg

Current gain

[

[

This ratio is called beta (B), or hry when the hybrid notation is
employed. In a typical transistor, if the emitter current is 5 ma, the
base will get 0.1 ma, while the collector will reccive the rest, or
4.9 ma. Substituting these values into the equation, we obtain

6_;
=49

Note that a sizable current gain is obtained, in contrast to the
small loss occasioned in the preceding amplifier. The gain arises from
the fact that very minute variations of the base current produce
significant variations in the collector current.

A voltage gain is also obtained because there is not only a current gain
but also a resistance gain. Hf we assume an input resistance of 2,000
ohms and a load resistance of 10,000 ohms, then the voltage gain is

Voltage gain = current gain X resistance gain

_dey R
Iy 7" Rx
10,000
= J( Bt Ut
X 5500
— 245

This is somewhat larger than the voltage gain achieved with the
common-base circuit. The difference is not very much, however.
Power gain, is considerably better:

I IRy,
402 X H
= 12,005

Power gain

il

il

It is because of its higher current and power gains that the common-
cmitter ampliﬁvr is the most popu]ur arrangement cmployed in tran-
sistor circuits.

An interesting feature of the grounded-emitter form of conncection
is the phase reversal that ocenrs as the signal passes through the stage.
In this the grounded-emitter amplifier is similar to its vacunm-tube
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prototype, the grounded-cathode amplificr. The reason for the reversal
can be understood by considering the amplifier shown in Fig. 3-3la.
The base-emitter circuit is biased in the forward direction, with the
negative side of the bias battery connecting to the emitter and the
positive side of the battery to the base. (In this way, the negative
battery terminal repels the excess electrons in the N-tvpe emitter
toward the PN junction while the positive battery potential drives the
holes in the base to the same junction.)

If, now, we apply a signal to the base, here is what will happen.
When the signal is negative, it will tend to reduce the bias potential
applied between emitter and base. This means that the electrons in

* ‘|'|'_‘_TL

BYPASS

- | :CAPACITOR

BYPASS
: | :CAPACITOR

ouTPUT OUTPUT

Fig. 3:32 {a) A grounded-collector amplifier and (b) its vacuum-tube counterpart. The cathode
resistor in b would have o fairly high valve.

the emitter and the holes in the base will have less compulsion to over-
come the inherent separating force at the junction and less current
will flow. This, in turn, will reduce the collector current and provide
less voltage drop across the load resistor. As a result, potential at the
collector will hecome more positive.

During the positive half cycle of the signal, the total voltage in the
emitter-base circuit will rise. This will increase the flow of current
through the emitter, the collector, and R.. The increased voltage drop
across the collector resistor will make the top end of this resistor more
negative. Thus, in ground-emitter amplifiers, the output signal is 180
out of phase with the input signal.

Grounded-collector amplifiers. The final transistor amplifier circuit
arrangement is the grounded-collector one. This is shown schemati-
cally in Fig. 3-32, together with its vacuum-tube counterpart. Note
that the plate of the vacuum tube is not d-¢ grounded, since this ele
ment still requires a positive potential (relative to the cathode) in
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order to attract electrons. However, the plate is at a-¢c ground by vir-
tue of the large bypass capacitor, and that is actually what we are in-
terested in.

The grounded-plate vacuum-tube amplifier will be recognized as
the familiar cathode follower. 1t possesses a high input impedance be-
tween cathode and grid and a low output impedance. Voltage gain
of this arrangement is alwavs less than 1. In the grounded-collector
arrangement we find many of the same characteristics. Thus, the
input impedance, base to collector (which is here the common
clement), is quite high because of the reverse bias which exists be-
tween these two clements. (In contrast, the input impedance of the
two precc(ling arrangements was low because the input circuit was
between the base and emitter and the diode was forward-biased.)
Of course, R, in Fig. 3:32 is hung across the input, and if this re-
sistor is low-valued, it will cause the input impedance to be low. If
R, has a high value, however, then we can obtain input impedances
as high as 1 megohm in this circuit. The output impedance, on the
other hand, is low, frequently falling below 100 ohms.

The current gain of a common-collector circuit is slightly higher
than g; actually, it is 8+ 1. This can be shown quite simply as fol-
lows. The input current is the base current, I,. The output current
which flows through R., Fig. 3-32, is the emitter current, I, and this,
we know, is equal to I, + I... Hence,

Current gain = Ie _Icet s
Ili l[;
= 1
ot

Current gain = g + 1

The voltage gain is always less than 1, although generally it is not
much less than 1. This is true here for the same reason it is true in a
cathode follower. The emitter (or cathode) resistor is fairly large and
unbypassed. llence, the signal voltage which develops here bucks the
input signal at the base, so that only a small portion of the input
signal is effective in producing an output voltage. In short, what we
have is considerable degeneration.

Power gain is achieved in this stage because of the large current
gain, but the gain is less here than it is in the other two confignra-
tions. Phase reversal of the signal does not occur in this stage. Any
signal applied to input will appear at the output with the same phasc
This, too, is like the cathode follower. And to complete the anal-
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ogy, the common-collector circuit is frequently referred to as an emit-
ter follower.

Table 3-2 summarizes the general characteristics of the three am-
plifier configurations.

Table 3-2
Common Common Common
Characteristic emitter base collector
Current, gain Large I, approx Large
Voltage gain Large Large I, approx
Power gain Largest Large Lowest
Input resistance Low Lowest Ilighest
Output resistanco High Ilighest Lowest
Signal phase shift between output
and input 180° None None

Transistor Characteristic Curves

The difference in operation between transistors and vacuum tubes,
i.e., that one stresses current while the other voltage, is reflected in the
characteristic curves of the two devices. In the characteristic curves

16 ol T T T T |
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Fig. 3:33  The E -/, characteristic curves for a 6AGS5 pentode vacuum tube.

for a 6AG5 pentode, Fig. 3-33, the plate-current—plate-voltage curves
are given for a series of grid-voltage values. The corresponding set of



100 TRANSISTORS

curves for a transistor is given in Fig. 3-23. Here, collector voltages
and collector currents are plotted for various values of base current.
Note the great similarity between these two sets of curves. In the case
of the 6AG5 pentode, the plate current is relatively independent of the
plate voltage from approximately 50 volts on. The only factor that
determines plate current is grid voltage. For the transistor, collector
current is likewise independent of collector voltage and is wholly a
function of emitter current. This follows from the basic operation of
a transistor, wherein the base-emitter potential determines how many
minority carriers the emitter injects into the base. Because of its very
low value, it is inconvenient to measure base-emitter potentiul. The
base current, which is related to the base-emitter potential, is a more
asily measured component and hence is employed as the governing
parameter on the family of I.-E. curves. Furthermore, the input re-
sistance is not linear. That is, the input resistance will change as the
input current changes. If we attempted to use the base voltage as the
running parameter, the characteristics would be made unnecessarily
nonlinear.

An interesting feature of the transistor characteristic curves is the
fact that when we reverse the collector voltage (as we do at the left-
hand side of the chart), the collector current drops sharply to zero
and then, if the chart had extended down, would have rapidly re-
versed itself and started flowing in the opposite direction (i.e., the
forward direction). The latter condition is not desired, since it would
quickly lead to excessive current flow with consequent overheating
and permanent damage to the crystal.

In the plotting of graphs, it is customary to place the more important
(i.c., the independent) variable along the horizontal axis. This should
be done with the transistor curves; i.c., the collector-current axis
should be placed horizontally and the collector-voltage axis vertically.
In practice, both tvpes of presentations will be found, with perhaps
greater emphasis given to the form shown in Fig. 3-23 because of its
correspondence to the more familiar vacuum-tube curves.

It is not uncommon to find collector-voltage values listed with
negative values in these characteristic charts. This is to indicate that
the applied collector voltage is negative in polarity, such as we would
use with a PNP transistor. For an NPN transistor, the collector voltage
would be positive.

Negative signs are also found in front of the current figures, and
there their presence s associated with the direction of collector-
current flow in relation to the conventional indication of current flow
through a circuit. Conventionally, electric current is taken to flow
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from the positive side of a voltage source through the circuit to the
negative side. Electron flow, with which most technicians are familiar,
travels in the opposite direction. Because of this difference in treating
current direction, it is suggcstcd that any uegative signs appearing in
front of collector-current values be ignored. As long as the proper
battery polarity is applied to the collector, the current will take care
of itself.

Most manufacturers, when they give transistor characteristics, in-
clude the output characteristic curves for the common-cmitter con-
nection. Occasionally, the curves for the common-base conmection will
be given, althongh this practice is decreasing,

Alpha and beta. We have seen that the « of a transistor is the
ratio of the collector current to the emitter current when the transistor
is connected in a common-base arrangement, The collector current
should be measured with no load resistor in the collector circuit be-
ause, by definition, o is the short-circuit current gain. The g8 of a
transistor is defined as the ratio of the collector current to the base
current when the transistor is connected as a common-cmitter am-
plifier. lere, too, the collector current should be measured with no
resistance in the collector circuit because, by definition, g is the short-
circuit current gain of the transistor. (By defining « and g in this way,
a definjte frame of reference is established for all such measurements.)

Since the o and g are characteristics of the same transistor, thev
are related to each other. We know that the emitter current is equal
to the sum of the base and collector currents. That is

Ie =1+ Ic 31
Rearranging, we obtain
I[;:IE—IC (32)

We also know that the collector current I, is equal to «l,. Hence, ex-
{
pression (3-2) can be written

In = I,-—al,.

Il

Now we divide I, =aly by Eq. (3-3):

Q _ QVI[-;

I” a (l - O()I[-;

g=—2_ (3-1)

| — «

ﬂ:
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Conversely, we can express « in terms of 8:

- B
I+8

Equation (3-5) is derived by simply rearranging Eq. (3-4).

a

(3-5)

Typical Transistor Data

An indispensable tool for anyone dealing with the design, opera-
tion, or service of electronic equipment is a tube manual. Here we
find the mechanical and eclectrical specifications for each type of tube,
plus a set of characteristic curves. In similar fashion, equivalent data
are published by transistor manufacturers for each of their products.

Transistor manufacturers’ sheets contain the specifications of a
pau‘ticular transistor, including maximum ratings, characteristic curves,
and physical outline. Some of the more important items described are:

1. Transistor number 9. A-c h parameters
2. Collector-junction voltage 10. I¢o
rating 1. Iz
3. Emitter-junction voltage 12. « cutoff frequency
rating 13. Static collector characteris-
4. Current-handling capacities tic
5. Power rating 14. Temperature variation of
6. Temperature limitation transistor paramcter
7. Thermal resistance 15. D-c g and «
8. Transistor-case outline 16. Saturation resistance

Each of these parameters may be used in circuit design and specifi-
cation of a particular transistor. The location of the parameters on the
data sheet need not be the same and the method of presentation
may also vary. Furthermore, not all parameters may be given for any
specific transistor; only those that are deemed necessary will be in-
cluded.

A typical specification sheet (General Electric Company) is shown
in Fig. 3-34. The various sections of this listing are numbered 1 to 10,
and appropriate explanations of each are given below.

1. The lead paragraph is a general description of the device and
usually contains three specific pieces of information: The kind of
transistor, in this instance a silicon NPN triode; a few major applica-
tion areas, here amplifier and switch; and general features such as
clectrical stability and a standard size hermetically sealed package.

2. The absolute maximum ratings are those ratings which must not
be exceeded. To exceed them may cause device failure.
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[ The General Electric Types 2N337 and 2N338 are

high-frequency silicon’ NPN transistors intended l 2N337. 2N338
for amplifier applications in the audio and radio
frequency range and for high-speed switching cir- Outline Drawing No. 4
cuits, They are grown junction devices with a
diffused base and are manufactured in the Fixed-Bed Mounting design for extremely
high mechanical reliability under severe conditions of shock, vibration, centrifugal
force, and temperature. For electrical reliability and parameter stability, all transistors
are subjected to a minimum 160 hour 200°C cycled aging operation included in the
manufacturing process. These transistors are hcrmeticnﬁy sealed in welded cases. The
case dimensions and lead configuration conform to JEDEC standards and are suitable
_'for insertion in printed boards by automatic assembly equipment.

1

SPECIFICATIONS

®{ ABSOLUTE MAXIMUM RATINGS: (25°C)
Voltoge
Collector to Base Vero 45 volts
Emitter to Base A\ 1 valt
Current
Collector Ic 20 ma
Power
Collector Dissipation* Pc 125 mw
Temperature
Storage Tsta —65t0 200 °C
Operating Ta —635to 150 °C

ELECTRICAL CHARACTERISTICS: (25°C)
(Unless otherwise specified;

Verp = 20v; 1Ie = —1 ma;
f =1 ke 2N337 2N338

Small-Signal Characteristics Min.  Typ. Moax. Min. Typ. Mox.
Current Transfer Ratio hte 19 53 39 99
Input Impedance his 30 47 80 30 47 80 ohms
Reverse Voltage Transfer Ratio hrmy 180 2000 200 2000 Xx 10-°
Output Admittance hou .1 1 .1 1 umho
High-Frequency Characteristics
Alpha Cutoff Frequency fav 10 30 20 45 mc
Collector Capacitance (f =1 mc) Coy 1.4 3 1.4 3 uuf
Common Emitter Current Gain

(f = 2.5 me) hre 14 24 20 26
D-C Characteristics
Common Emitter Current Gain

(VceE = 5v; Ie = 10 ma) hre 20 35 55 45 s 150
Collector Breakdown Voltage .

(Iero = 50 ua; Ig = 0) BVcro 45 45 volts
Emitter Breakdown Voltage .

(lzro = —50 ua; {‘n =0) BVero 1 1 volt
Collector Saturation Resistance -

(f::r 1 ma; Ic = 10 ma) Rsc 75 150 ohms

(la = .5 ma; lc =10 ma) Rse 75 150 ohms
Cutoff Characteristics
Collector Current

(Ven=20v; 1 =0; TA=25°C) lcnro 002 1 .002 1 ga
Collector Current

(Vea =20v; le = 0; TA=150°C) Icro 100 100 ua
Switching Chorocteristics
Rise Time tr 0% .06 pusecs
Storage Time te 02 02 usecs
Fall Time te 04 J4 usecs

*Derate 1 mw/°C increase in ambient temperature over 25°C

Fig. 3:34 A transistor specification sheet. (General Electric Co.)
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3. The power dissipation of a transistor is generally limited by the
junction temperature. Theretore, the higher the temperature of the
air surrrounding the transistor (ambient temperature), the less power
the device dissipates. A factor which indicates how much the transis-
tor must be derated for cach degree of increase in ambient tempera-
ture in degrees centigrade is usually given. Note that the 2N337
(given on this specification sheet) can dissipate 125 mw at 25°C.
By applying the given derating factor of 1 mw for cach degree in-
crease in ambient temperature, we find that the power dissipation will
drop to 0 mw at 150°C. This, then, is the maximum operating tem-
perature of this transistor.

4. All of the remaining ratings define what the device is capable
of under specified test conditions. These characteristics are needed
by the design engineer to develop matching networks and to calculate
exact circuit performance.

There is one important difference between the absolute maximum
rating and the design characteristics listed on specification sheets.
The absolute maximum rating must not be exceeded under any cir-
cumstance and to exceed it automatically releases the transistor man-
ufacturer from any warranty he may give with the unit. Characteris-
tics, on the other hand, although they may entail some guarantee, are
presented primarily as a guide to the user. Some of the parameters,
for example, 1o, hye, Vi, cte,, have their maximum values guaranteed
but not at end of life (i.e., usually after 1,000 hr). Other parameters,
such as breakdown voltage, are rated on an end-of-life basis. How-
ever, none of the typical values listed are guaranteed.

5. “Current-transfer ratio” is another name for g. In this case we
are talking about an a-c characteristic, so the symbol is hy. If the d-c
beta is meant, the symbol is hyr. B is partially dependent on fre-
quency, so some spvciﬁcations list it for more than one frequency.
The remaining h parameters in this section deal with items necessary
for transistor circuit design. h; is the hybrid symbol for input im-
pedance. If a small b subscript is added, that is, h, then the symbol
stands for the input impedance of a common-base amplifier, generally
given at zero a-c collector current. By the same token, h;,. is the input
impedance of a common-emitter amplifier.

h,, is the reverse voltage transfer ratio for the common-base ampli-
fier. It is the ratio of the a-c voltage appearing at the emitter to an
a-c voltage applied to the collector for essentially an open circuit to
nlternating current at the emitter. I, is the reverse \’()ltage transfer
ratio for the common-emitter configuration. In this instance, it is the

>

ratio of a-c voltage at the base to the a-¢ voltage at the collector.
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hay is the output circuit conductance for the common-base con-
figuration with the input open-circuited. Conductanee is the reciprocal
of resistance, so that 1/h,, is the output impedance of the transistor.
It is defined as the ratio of the a-c collector current to the a-c collec-
tor voltage. I, is the output circuit conductance with the input open-
circuited for the grounded-emitter configuration. It too is the ratio
of the a-c collector current to the a-c collector voltage.

The I parameters are measured at 1,000 cps and are useful in
ampifier design since they can be used to determine the input im-
pedance, the output impedance, and the current gain of a transistor.

At this point in the book, the hybrid parameters will probably prove
more confusing than enlightening. It is suggested that the reader wait
until he reaches Chap. 12, where a full discussion of hybrid and other
parameters is given. The only reason for mentioning these parameters
at this time is that they appear on the data sheets.

6. The frequency cutoff fa, or fisy of a transistor is that frequency
at which the grounded-base current gain drops to 0.707 of the 1,000-
cycle value. It gives a rough indication of the useful frequency range
of the device.

7. The collector breakdown voltage BV, is the inverse voltage be-
tween the collector and base with the emitter open at which there is
a sharp increase in current flow between the collector and base. This
point is known as the avalanche breakdown, in which minority elec-
trons, passing the PN junction, gain sufficient energy to knock off
valence electrons bound to the crystal lattice and raise them to the
conduction band (see page 13). BV, is usually specified at some
value of reverse leakage current.

Emitter breakdown voltage BV, is the maximum voltage which
can be safely applied between emitter and base when these elements
are reverse-biased (with the collector open) at some specified value
of reverse leakage current. This value is given in specification sheets
in order to indicate how large a reverse voltage may be applied to the
input of a common-emitter amplifier before the input circuit will
break down.

Application of voltages in excess of the maximum breakdown values
may or may not damage a transistor. In most instances, the transistor
can be made to operate again satisfactorily after the excessive voltage
has been removed. In some instances, however, sufficient damage is
wrought that the transistor becomes unusable. The emitter-base break-
down voltage value will depend on how the transistor was fabricated.
For alloy transistors, it is comparable to the collector-base breakdown
voltage. With diffused transistors, however, it is much less than the
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collector-base breakdown voltage. In the specification sheet of Fig,
3-34, the emitter breakdown voltage is 1 volt, whereas the collector
breakdown voltage is 45 volts. In normal circuit design all voltages
should be kept well below the maximum ratings, because transients
or other voltage variations which drive the transistor into the break-
down region can cause an immediate and permanent damage.

8. Collector saturation resistance. A transistor is saturated when
both junctions are forward-biased. The saturation resistance for this
condition is equal to the collector-to-emitter voltage divided by the
collector current. It consists of two components. The first component
is the bulk resistance of the material from the collector and emitter
terminals to their respective junctions. The second component is due
to the transistor action of the device; it decreases as the base current
is increased for any given value of collector current. Thus, overdriving
the transistor will reduce the saturation resistance.

Collector saturation resistance is generally of considerable im-
portance to engincers who are designing logic circuits in which the
transistor itself acts as a switch, going from a very high impedance
condition, when it is essentially cut off, to a very low impedance con-
dition, when it is saturated. In such design work it is important to
know the saturation resistance, or the resistance of the transistor when
it is in the low-impedance condition.

The saturation region on the characteristic curves of a transistor is
at the extreme left-hand side where the curves appear to come to-
gether, Fig. 3-35a. Actually, when this portion of the graph is en-
larged, Fig. 3-35h, it can be seen that each curve is separate and
distinct. In this region the curves slope downward in a straight line
and, if the ratio of collector voltage to collector current at any point
is computed, the saturation resistance value is obtained. (Another way
of stating the same thing is to say that the reciprocal of the slope of
a curve in this region is the saturation resistance.)

Many manufacturers will list a collector saturation voltage
Veg@an. This voltage is essentially the minimum voltage necessary,
at a particular collector current, to sustain normal transistor action,
and it occurs when the emitter-base voltage equals the emitter-collec-
tor voltage. At lower collector voltages, the base-collector diode be-
comes forward-biased and the current-voltage relationship changes
abruptly. This is the region where the curve lines slope sharply down-
ward.

It might be noted, in passing, that there is also a cutoff region on
the characteristic-curve plot. This occurs below the curve marked
I, = 0. In Fig. 3-35a the cutoff region is somewhat below the curve
marked I, = 0.02 ma.
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Fig. 3:35 (a) The saturation region on the characteristic curves of o transistor is at the extreme
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9. The collector cutoff enrrent is the current from collector to base
when no emitter current is being applied. This is the I, which has been
mentioned previously. It varies with temperature changes and must
be taken into account whenever any semiconductor device is designed
into cquipment which is used over a wide range of ambient
temperatures.

+10V

{a) TYPICAL CIRCUIT:
Igy=1Ig =05MA
C Ic =10MA

Ie
Vg1 < bee

WAVEFORM GENERATED AT
A BY CLOSING SWITCH,

WAVEFORM AT B SHOWING
BIAS ON BASE DURING
SATURATION.

BASE-CURRENT WAVE -
FORM. NOTE REVERSE
CURRENT /g2 DUE TO
BASE BIAS DURING
SATURATION,

(e) COLLECTOR WAVEFORM
SHOWING STANDARD
DEFINITIONS OF
RESPONSE TiMES.

10. The switching characteristics show how the device responds to
an input pulse under the specified driving conditions. These response
times are very dependent on the circuit used. The terms used in this
section of the specification sheets are explained in Fig. 3-36.

tq is the delay time, or the time it takes from the application of the
input voltage at point A, Fig. 3-36, until the output voltage has
reached 10 per cent of its final value.

t, is the rise time or the time interval required for the output to go
from 10 to 90 per cent of its saturation value.
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ty is the storage time, or the time it takes from the removal of the
input signal for the output to go from its saturation value to 90 per
cent of that value.

t; is the fall time, or the time interval required for the ontput to go
from 90 to 10 per cent of its saturation value,

The delay time is partly due to the time required to discharge the
emitter-base capacitance which has been charged to the reverse space
emitter bias voltage (—10 volts in Fig. 3-36) through the base resist-
ance. Secondly, time must be allowed for the emitter current to diffuse
through the base region. The rise time refers to the turn-on of the col-
lector current. The storage time is dne to the length of time required
to sweep out the stored charge carriers in the base region which re-
sulted from the collector-base region being forward-biased doring
saturation. (During saturation, both the emitter and collector inject
carriers into the base region. The emitter normally does this under
all circuit conditions; the collector only when it is forward-biased, as
it is during saturation.) This is true for alloy transistors. For grown-
diffused and mesa transistors, the primary charge storage takes place
in the collector region rather than in the base region. As soon as the
carriers have been swept out of the base region or the collector re-
gions, the transistor begins to turn off.

In reading symbols, it is necessary to note carefully what upper-
and lowercase letters are used in both the major letters and their sub-
scripts. Lowercase letters are used as major letters to represent in-
stantancous (or alternating) values of current, voltage, power, or
whatever. Examples are i, v, and p- Uppercase or capital letters are
used as major letters to represent d-c¢ or rms values. Examples are
I, V,and P.

In subscripts, d-¢ and instantaneous values are indicated by upper-
case letters. Examples are I, Vg, Iy Lowercase subscripts, such as
those in V., i., and h,,, indicate a-¢ component values. ( Readers wish-
ing to learn more about the IRE standards for semicondnctor notation
are referred to the July, 1956, issue of the Proceedings of the IRL,
pages 934 to 937.)

The final item which is found on transistor specification sheets is
an outline of the transistor housing and an indication of the position-
ing of the transistor leads. Transistor cases arc assigned so-called TO
numbers such as TO-1, TO-5, and TO-9. The letters “TO” stand for
Transistor Qutline.

Lead placement varies. Sometimes leads are arranged in a straight
line, sometimes they are arranged aroimd a circle, and sometimes
they are bunched together at a single point. The illustrations in
Fig. 3-37 are representative of the more common arrangements. In
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Fig. 3'37 Above and on the two pages following are shown typical transistor housings and lead
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should be grounded (generally) in the circuit. In the larger power transistors, where only two leads
or terminals are found, one is the base and the other is the emitter. The transistor case then serves
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Fig. 3:37 (Continued)

all instances, the manufacturer’s specification sheets should be checked
before any connections are made to transistor leads.

Transistor Equivalent Circuits

As one works with transistors, one finds that there is a considerable
degree of dependence between the input and output circuits. This is
in direct contrast to vacuum tubes, where the input and output circuits
are relatively independent of cach other. (Feedback effects which
may occur can generally be counteracted by suitable means. )

In the common-emitter arrangement, for example, the variation in
input resistance with load resistance is as shown in Fig. 3:38. Note
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how the input resistance decreases with increase in load resistance,
eventually leveling off to a value of about 500 ohms when the load
resistance becomes inordinately large. This is for a typical junction
transistor.

Similar curves showing the effect on the output resistance for dif-
ferent input resistances could be drawn. The reason for these inter-
actions can perhaps be hetter understood when the equivalent elec-
trical circuit of a transistor is examined. Equivalent circuits are con-
venient devices that enable an engineer to develop a relatively sim-

1200

1000

800

600

400

INPUT RESISTANCE, OHMS

200

0 | N " PR S
10,000 50,000 100,000 0.5MEG. 1 MEG, 5MEG. 10 MEG.
LOAD RESISTANCE, OHMS

Fig. 3:38 Variation of input impedance with load resistance in a junction transistor

ple clectrical network which will function in the same manner elec-
trically as some complex circuit which he may be investigating. It is
interesting to study the engineer’s approach to equivalent circuits be-
cause it will give the reader a better appreciation of the value and
purpose of these circuits. The start is made with a little black box in
which the circuit or system to be analvzed is contained. Access to
the box is prohibited, and all we have from the box are four terminals,
two representing the input and two the output. The procedure then
is to take this black box and perform a series of four measurements
on it. One measurement is to apply a signal to the input terminals 1
and 2 and record the voltage that is applied and the current that flows
in the input circuit with the output circuit open, Fig. 3-39a. This will
give us, when V, is divided by I,, the input resistance R,.
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A second measurement is made by applying the signal to the input
terminals of the black box and recording the current flowing in the
input circuit and the voltage developed across the output circuit. This
is illustrated in Fig. 3-39h. This measurement indicates what effect
the input circuit has on the output circuit.

The third test is made with the signal generator connected across
the output terminals and the voltage and current meters recording
these respective quantities in the output circuit, Fig. 3-39¢. The input
circuit is open.

I
& 1 13|
T
A : :
N SIGNAL I 1 v
(b)
L L
1 3 \ 1 3
e ] : : :
f j )y, () sienaL V‘r j SIGNAL
] (d)

Fig. 3'39 Valtage and current measurements made an a system in arder ta determine its equiva-
lent circuit. (a) Signal is applied ta input. Valtoge and current measurements are made an input
with autput terminals apen. (b) Signal is applied to input. Current flowing in input is measured,
tagether with valtage acrass autput. (¢} Signal is applied ta autput with input apen; valtage ond
current in autput are measured. {d) Signal is applied ta autput. Current flawing in autput is measured,
tagether with voltage ocrass input.

The final check is made under the conditions indicated in Fig.
3:-39d. Here we apply the signal to the output circuit and measure
the \'oltagc it produces across the input circuit,

The results of these four measurements are then used to draw a
simple network which will give exactly the same results when the
measurements indicated above are made. If such a network can be
found, then we know that it will act, under all conditions, as the cir-
cuit or system in the black box acts, and we can call this latter net-
work the equivalent of the box system and deal with it rather than
the generally more complex system it replaces.

Using the foregoing method, one cequivalent network obtained for
a transistor is as shown in Fig. 3-40a, where r, is the internal resistance
of the emitter, r, is the internal resistance of the base, and r. is the
internal resistance of the collector. Note that the base resistance is
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common to both the cmitter and collector circuits, a fact that we
discovered previously when studying the manner in which current is
conducted through the transistor.

Now, if all we had in our equivalent circnit were these three re-
sistances, then we would have a simple resistive network in which sig-
nals (or voltages) could pass from input to output or from output to
input with equal ease. This, we know, is not true of transistors.
Furthermore, a simple resistive network could introduce only attenua-
tion, not amplification, and transistors do amplify. Obviously, some-
thing more is needed, and that something is the small generator placed
in series with r.. For mathematical reasons which are related to
the design equations of transistors, this generator is given a value of
roi., where i, is the current flowing through the emitter resistance

—ANA——AAA—0
Ty Te

Te

S

"mle

INPUT Ty OUTPUT INPUT T OUTPUT

o —0 o —o

{a) ()

Fig. 340 Steps in the development of an equivalent circuit for a transistor. (a) Preliminary
equivalent circuit of a transistor. (b) A more nearly complete equivalent circuit of a transistor

r. and r, is a mutual resistance of the system. For our purpose here,
we need simply regard this generator as adding its voltage to that of
the input signal to produce a greater (i.e., an amplified) signal at the
output. In this way we achieve an equivalent circuit which reveals how
a signal applied to a transistor is amplified and just what that amplifi-
:ation will be under various types of load resistances.

For those readers who find this added generator strange or confus-
ing, attention is directed to the equivalent circuit for a triode vacuum
tube, Fig. 3-41. We note that a voltage ¢, applied between grid and
cathode produces the same effect as a voltage in the plate circuit which
is p times greater. p, of course, is the amplification factor of the tube.

Returning to Fig. 3-40, we begin to see why the input and output
circuits of a transistor are so dopvndcnt on each other. An_v current
flowing in the collector circuit will also How through r,, and the voltage
developed here will directly influence the current flowing in the
input circuit (containing r. and r,). And, of course, anvthing that
happens in the input circuit will be immediately telt in the output cir-
cuit. In a vacuum tube, where the grid is negative and the frequency
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is not very high, the equivalent circuit of Fig. 3-41 shows quite
plainly that the grid and plate circuits are isolated from each other
and we do not have the same dependence between the impedances in
each circuit that we have in a transistor.

A more extended discussion of transistor equivalent circuits will be
found in Chap. 12. It is recommended, however, that the reader not

>
l G=GRID
G ¢= CATHODE
Y P=PLATE
Ry r;.= PLATE RESISTANCE
o R, = LOAD RESISTOR
HCy

[

Fig. 3-41 The equivalent circvit of a vocuum tube The incoming signal e; appears in the plate
circvit as a greater voltage ue

turn to this chapter immediately, but wait until he reaches it in the
normal sequence of reading.
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QUESTIONS

3.1 What factors limit the p()wcr-handling ability of transistors?
Describe each bricfly.
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3-2  Tlow does the noise figure of transistors vary with frequency?

3-3 List some of the factors which govern the frequency response
of transistors.

3-4  Why does an NPN transistor have a higher frequency response
than a comparable PNP transistor?

3-5 Describe briefly how grown-junction transistors are fabricated.

3-6 What major limitations do grown-junction transistors have?

3-7 Why is it possible to manufacture alloy-junction transistors
with higher entoff frequencies than grown-junction transistors?

3-8 Describe bricfly how alloy-junction transistors are manu-
factured.

3-9 In what respects is the diffusion technique of transistor
manufacture superior to either alloy or grown methods?

3:10 Can the alloy and diffusion techniques be combined for
transistor maufacture? Explain your answer.

3-11 What does a drift transistor possess that is not present in an
alloy-junction transistor? In what way is this helpful?

3:12  Describe how a grown-diffused transistor is manufactured.

3-13 What is the difference between a mesa transistor and an
epitaxial mesa?

3-14  Ilow does the surface-barrier transistor operate?

3-15 What is the difference between an SBT and an MAT unit?

3-16 I)eﬁne I,-m,, I,um, Vrlm, BVI-,‘MO-

3-17 What differences exist between silicon and germanium in their
use in transistors?

3:18 Whyis e, important in transistor operation?

3-19 Why must the collector-dissipation rating of a transistor be
reduced when the unit is employed above a certain temperature?

3:20 Name some of the ways in which the collector-dissipation
rating can be increased.

3:21 How are PNP and NPN transistors differentiated schemati-
cally? What other conventions are employed in drawing transistor
symbols?

3-22 Compare the elements in a triode vacuum tube with the
sections of an NPN transistor. Do the same thing with respect to the
d-c voltages which each device receives.

3:23 Draw the circuit of a grounded-base transistor amplifier,
complete with d-c biasing voltages and input and output terminals.
Draw the vacuum-tube counterpart of this circuit.

3:24 Follow the same procedure as in Question 3-23 for a
grounded-emitter transistor amplifier. Draw the vacuum-tube counter-
part of this circuit.
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3:25 Answer Question 3-24 for a grounded-collector transistor
amplifier.

3:26 Which of the three types of amplifier is best suited for a high-
input-impedance  low-output-impedance application? Which arrange-
ment provides the best voltage and power gains? Would the same
results be obtained if vacuum-tube amplifiers were employed? Explain.

3-27 Differentiate between the « and g values of a transistor.

3-28 Describe how the g value of a transistor may be determined
from its characteristic curves. For your illustration, use Fig. 3-22.

3-29 How can you identify the various element leads of a tran-
sistor? Indicate two methods.

3-30 What characteristics are generally given for a transistor in
the manufacturer’s listings?

3-31 Why is there greater dependence between the input and
output circuits of a transistor than of a vacuum tube?

3:32 Draw the equivalent circuit of a transistor.




CHAPTER

Transistor Amplifiers

IN PRECEDING CHAPTERS we noted how a transistor functions
internally and how it achicves the desired goal of amplification
Several simple amplifier circuits were touched on in the course of this
discussion; they were, however, incidental to the main discussion of
transistor characteristics. In the present chapter we shall turn our
attention completely to transistor amplifiers to see what forms they
take and how they operate.

Transistors, like tubes, can be employed in three different configura-
tions designated as grounded, or common, base; grounded, or common,
emitter; and grounded, or common, collector. By way of review, it
will be recalled that the common-base arrangement provides less than
unity current gain, a very low input impedance, a high output imped-
ance, and no phase reversal of the amplified signal. In the common-
emitter amplifier, the current gain g is quite large, the input impedance
is relatively low, the output impedance is moderate, and the signal
snffers a phase reversal in going from input to output. In the final
configuration, the common collector, the input impedance is high, the
output impedance is low, and there is no signal phase reversal. The
last arrangement is the direct counterpart of the vacuum-tube
cathode follower.

Common-base Amplifier

Practical circuits employing each of the three transistor amplifier
arrangements are shown in the illustrations on the pages to follow. In
Fig. 4-1 a 2N104 transistor is used. If we did not know offhand
whether this was an NPN or a PNP transistor, we could use the emitter
and collector battery polarities as our clue. The emitter must be biased
in the forward direction. This means that the positive terminal of B,

119
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must drive the emitter carriers to the emitter-base junction. A positive
field, pro(lucvd by the positive battery terminal, will repel holes. There-
fore, we know that the emitter section is formed of P-tvpe germanium.
It follows then that the base has N-type germanium and the collector
has P-type germanium. In short, the 2N104 is a PNP transistor.

The input signal is RC-coupled to the emitter. The emitter bias is
established by battery B,, 6 volts, Current flow through the emitter is
governed by R, a 10,000-ohm resistor. By using Ohm's law,

E=1IR
we find that 6 = I X 10,000
I =0.6ma

Actually, by this reasoning we completely neglect the resistance of
the emitter-hase section. The latter is so small with the indicated

Al 2N104 \
Il II
C, C;
1-10 MF R, R 1-10 MF
10K 6.8K
SIGNAL INPUT SIGNAL OUTPUT

+ =

L B T 6V B:I_Qv

Fig. 4'1 A common-base transistor amplifier.

battery arrangement, however, that it scarcely alters the total current
flow. Actually the emitter-base potential is on the order of 0.1 volt or
possibly less.

The output, or collector, circuit possesses a 9-volt battery and a
6,800-ohm load resistor. Signal voltages developed across R, are then
capacitively coupled to the next stage or output device.

The two coupling capacitors C, and C. are shown with capacitance
ranges from 1 to 10 uf. The use of such high values is dictated by the
relatively low input impedance of this stage (and for C., the relatively
low input impedance of the following stage). With an input impedance
on the order of 200 to 300 ohms, it is desirable that the impedance
offered by C; to the lowest operating frequency be no more than 20
ohms. To achieve this, large values of capacitance must be used.
Fortunately, the working voltage requirements are extremely low
(here on the order of a volt or two), so that high-valued clectrolytic
capacitors can be manufactured at reasonable cost and with consider-
able compactness.
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It is, of course, desirable to make C, (and C.) as large as possible.
When Lpf values are used, the frequency response is such that the gain
at 100 cycles is 16 per cent of the gain at 1,000 cycles. When we
change to 10 uf, the 100-cycle gain rises to 46 per cent of the 1,000-
cycle value, thus showing a marked improvement. The extent of the
high-frequency end of the curve is governed by the capacitances shunt-
ing the circuit and the manner in which « drops off with frequency.

The use of two batteries is somewhat of a disadvantage, however,
and this can be remedied by a voltage divider, as shown in Fig. 4-2.
Since resistors R, and R, have values in the ratio of 2:3, the voltages
developed across them will have the same ratio. Thus, 6 volts will
develop across R, and 9 volts will develop across R,. Across R, the

l—l\OMF J. 1—1§JLMF
{ / ]
R, R, SIGNAL
'N%UT 10K 6.8K  QUTPUT
T_’\] AN———AAN I
R; —L— Ry
2K = 3K
"’J||:_
e
15VOLTS

Fig. 42 A common-bose omplifier using only one bios bottery.

ungrounded end is positive, while across R, it is negative. This will
provide the proper polarity voltages for the emitter and collector and
enable the circuit to function in the same manner as that of Fig. 4-1.

In using the voltage-divider arrangement of Fig. 4-2, it is desirable
to make R, and R, as low as possible so that variations in emitter or
collector currents will not have any appreciable effect in altering the
current throungh R, and R, and, in consequence of this, their voltage
drops. On the other hand, if R, and R, are made too small, the current
drain on the battery will become excessive. The values shown in Fig.
4-2 represent a compromise between these two conflicting goals.

Common-emitter Amplifier

Much more widespread than the use of common-base transistor
amplifiers is the use of common-emitter amplifiers. With the common-
emitter arrangement we obtain greater current and power gain. A
circuit using the 2N104 in a common-emitter arrangement is shown
in Fig. 4-3. Connection of the input and output resistors and capacitors
remains the same as in the preceding amplifier. Note, however, the
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use of a single battery for both circuits. This is possible because the
emitter is common to both input and output circuits and both collector
and base require voltages which possess the same relative polarity with
respeet to the emitter. (In the present discnssion, the emphasis is on
circuit form rather than the selection of the most stable circuits. An
analytical method of determining the sensitivity of an amplifier cir-
cuit to temperature and other factors is given in Chap. 12.)

2N104

IL
A
i C,
1Y 1-10 MF
€y R
1-10 MF R, 47K OUuTPUT
INPUT 180K j
L, =
tl g =
—'I' 9V

Fig. 43 A single-stage common-emitter amplifier.

P-N-P 1L
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I OUTPUT
o it
INPUT
/L R, -
=5 180K R =1 « 47K
5 T 10MF
—9
=L

Fig. 44 A common-emitter amplifier that employs o stabilizing resistor R.

A form of common-emitter amplifier that is frequently seen is shown
in Fig. 4-4. The chief difference between this circuit and that of Fig.
4-3 is the 5,000-ohm resistor R, and filter bypass capacitor C, which
have been inserted in the emitter lead. Resistor R, serves to d-c
stabilize the circuit by compensating for differences between transistors
and by reducing the cffects caused by temperature drift. Capacitor C,
is shunted across R, to prevent degeneration with its reduction in gain.
In some instances, the added stability provided by a-c degeneration
may be desired, in which case C, would be omitted.

The problem of amplifier stability being affected by temperature
changes is more serious in common-cmitter and common-collector cir-
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cuits than it is in common-base cirenits because of the presence of a
cutoff current I, which was mentioned brieHly in Chap. 3. I.., is the
current that Hows through the collector-base diodes when the emitter
current is zero. It stems from the presence of minority carriers in the
base and collector sections, and it gives rise to a small current when
the collector is reverse-biased. I, is generally below 10 pa, and it is
independent of the emitter current. Its value is determined chiefly by
the particular transistor being nsed and by the temperature. It is the
latter dependence which is particnlarly significant.

When a transistor is connected with the base common to both input
and ontput circuits, as in Fig. 4- 1, then the total collector current that
Hows is made up of two components; these are

Iec = alg 4+ Ico

That is, I, in a junction transistor, is equal to 98 per cent (or so) of
the emitter current I, plus the collector entoff current I, Since I, is
in microamperes and I; is in the milliampere range or higher, changes
in I, unless they are drastic, will not seriously increase the heat
dissipated at the collector or significantly change the operating point.
Hence, we need not take other than the normal precautions with
common-base amplifiers.

Consider, now, the common-emitter circuit, Fig. 4-3. I¢, still flows
between the base and collector sections, but now the base current de-
termines the amount of collector current flowing. This, too, we noted
in Chap. 3, and it was becanse of this relationship that we developed
a second current-gain factor B8, which is equal to «/(1 — «), and
values of 8 of 50 or more are not unusual, The total collector current
now flowing is given by

=8I+ (1 + 8o

Previously, the factor (1 + g8)I., was ignored. When the transistor is
subjected to fairly wide ranges in temperature, however, it is possible
for this factor to develop values high enough to affect transistor
operation seriously. I is extrcmely sensitive to temperature, and any
increase in this current will be magnified 50 or more times because of
the presence of (14 g8). This can have a marked effect not only on
the collector current hut-— what is equally disturbing to the circuit—on
the bias or operating point. What it will do is shift this point out of the
linear region, giving rise to an increase in distortion.

The insertion of a series resistor in the emitter leg is designed to
prevent the foregoing action from occurring. If we use the circuit of
Fig. 4-4 as an illustration, all of the collector current will How through
the emitter resistor. The voltage drop produced across R. serves to
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make the emitter negative with respect to ground. Note, however, that
the base is also negative with respect to ground, and hence the base-
emitter voltage will be the difference between the battery voltage
(lr()p across R, and the smaller voltage drop across R.. Now let us say
that the collector current rises because of a temperature-induced rise
in I.,. This will cause the voltage drop across R, to increase, making
the overall base-to-emitter voltage less negative than it was before.
This is actually working against the forward biasing voltage of the
base-emitter circuit, resulting in less emitter current. Hence, we are
counteracting the rise in I¢ by decreasing I, and I,. In this way we
achieve stabilization of our amplifier circuit.

il | |+
all ull
10K B
100K
It
A}
4!\;|F 4 MF OUTPUT
I\
INPUT 47K
zl_.10

Fig. 4-5 A variation of the stabilized amplifier for Fig. 4-4,

A variation of this stabilization circuit is that shown in Fig. 4-5.
Here the base is connected to a voltage divider. This arrangement
provides greater stabilization than its predecessor, but the additional
resistor does absorb more power from the battery and from the
signal source. In this sense, then, this circuit is less cfficient.

The reader will recognize that every transistor circuit has two kinds
of stability, d-c and a-c (or signal). In d-c stability, we desire to main-
tain the same operating point irrespective of any changes in the
transistor or in the values of any of the other components in the
circuit. Generally, it is the changes in the transistor that cause the most
trouble, but variations in the values of circuit resistors can also have
a marked effect on circuit operation.

Alternating-current stability refers to the abilitv of the circuit to
treat any signals that pass through in the same way. The most common
variation occurs in the amplification accorded different-frequency
signals, but different-amplitude signals can also be treated differently.
For example, a strong signal may receive a greater distortion than a
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smaller signal. In Fig. 4-5, removal of the 10-uf capacitor shunting
the 5,000-ohm emitter resistor will provide more uniform amplification
to signals over a wider frequency and amplitude range than if this
capacitor were permitted to remain. This is called current feedback,
Another method is voltage feedback, and this will be illustrated
presently.

Common-collector Amplifier

A single-stage common-collector amplifier is shown in Fig. 4-6. The
input signal is applied between base and ground. Since the collector
is at a-c ground potential because of C,, however, we can say that

100K 10 MF
4 MF —
— -
\
INPUT

/L OUTPUT
= R, %IOK

Fig. 46 A single-stage common-collector omplifier.

=
3v

t._4

L

the signal is cffectively being applied between base and collector. The
output is taken from a load resistor between emitter and ground or,
what is the same thing, between emitter and collector. This circuit
has a high input impedance, on the order of 100,000 ohms or more, and
an output impedance of 200 ohms. The voltage gain of a common-
collector amplifier cannot exceed 1, and in the circuit shown it is about
0.9. Power gain, however, is 15. The voltage gain is relatively inde-
pendent of frequency, but the current gain falls off with frequency
exactly as it does for a common-emitter amplifier. The fall-off of power
gain, with frequency, is therefore about midway between that of a
common-base amplifier and that of a common-emitter amplifier.

Still another variation of the common-collector amplifier is shown in
Fig. 4-7a. The load resistor is the 47,000-ohm resistor in the emitter leg.
In addition, there is feedback (furnished by C.) between the emitter
and base. The latter is designed to decrease the shunting effect of the
base voltage divider.

The frequency response of this circuit for two different bias voltages
is shown in Fig. 4-7h. Note that in neither case does this gain exceed
1. (The change in circuit presentation is purposely being made to help
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the reader become familiar with the different methods of illustration
that he will encounter. The important items to look for are the point
of application of the input signal and the takeoff point of the output
signal.)

Another name for this circuit is bootstrap circuit.

It is relatively simple to derive the current gain of a common-
collector amplifier. The input current is I, since the incoming signal
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Fig. 47 (o) Another common-collector circuit. {b) The frequency response of the circuit shown in
{o) for two different bios voltoges. (After P. G. Sulzer, Junction Tronsistor Circuit Applicotions,
Electronics, August, 1953)

is fed to the base. The output current is I,;, since the load resistor is in
the emitter lead. Hence

Current gain = Ie
Iy
Further, Io = Iy + Ie
Thus, Current gain = Iv+ Ie
Iy
I
=1
1,
Current gain = 1 + 8
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To all intents and purposes, this is equal to B, because beta is
normally greater than 30. Thus, the common-emitter and the common-
collector amplifiers provide the same current gain.

The input impcdzmcc of a common-collector stage is approximute]y
equal to g8 times R, or BR,. This can be shown as follows. The input
impedance of the stage R,y is equal to the input voltage divided by
the input current. From Fig. 48, the input voltage is equal to

Fig. 4'8

i
S

Vin

il

Vir 4 Vour. (These voltages can be added directly because they are
always in phase for a resistive load. Thus,

_ Ves + "mw:

Frs = =,

Rix — Ven + Vour 1)
IH [lf
Now, Vy/Iy is the internal resistance between base and emitter ry,,
and since this junction is forward-biased, the value is very low. On the
other hand, Vyq/1, depends on the circuit as well as the transistor.
We noted just above that 1./, is equal to g 4 1 or, essentially, g.
From this we may state
Vour _ 8Vour

Iy Iy

Since Vo /I = R, we have

I

ouT _ BI{L

Ig
Substituting this into Eq. (4-1) above, we obtain

s rne + 13/{1‘
>~ 8,
This demonstrates that it is desirable to use as high a value of R, as

practical in order to obtain a high input impedance. In turn, this means
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that for common-collector amplifiers, the operating bias current should
be as low as possible; otherwise, the d-c voltage dropped across R,
would be so high that an uneconomically large bias supply voltage
would be required.

One word of caution. Ry is governed not only by R,, and g but also
by any resistor which connects to the base. Thus, if the base bias
current reaches this element through a low-valued resistor, the input
impedance will be lowered accordingly because the resistor will shunt
the input circuit. Also, circuit capacitance across the base will affect
the input impedance, particularly as the operating frequency rises.
This, of course, is just as true of transistor amplifiers as it is of
vacuum-tube amplifiers. For cxample, at 16 ke, a 10-ppf capacitor
presents an impedanco of 1 megohm. At 100 ke, the capacitive
impedance has decreased to about 167,000 ohms. The drop is signifi-
ant, and it must be remembered that 10 ppf is quite small and readily
developed  through stray  circuit-wiring  capacitance alone. Hence,
considerable care must be exercised when designing and constructing
such stages.

By way of contrast, common-base and comon-emitter amplifiers have
quite low input impedances and much more shunt capacitance would
be required before the input impedance is affected.

Since B can also be represented by hyg or hye, the above formulas
are frequently shown using the latter symbols. hpy is the d-c beta
and N, is the a-c beta.

Cascaded Amplifiers

Transistor amplifiers, like vacuum-tube amplificrs, are seldom used
singly. Rather, it is more common to find them in groups, with two,
three, or more stages following cach other in order, i.e, in cascade.
When vacuum-tube amplifiers are used, it is a relatively simple matter
to connect them one after the other, because a conventional vacuum-
tube amplifier has a much higher input impedance than output
impedance. Ilence, when we attach the input of one stage to the output
of the preceding stage, we do not ordinarily affect the preceding stage.

Consider, however, a transistor amplifier, say one designed with a
common emitter. The input impedance is on the order of 1,000 ohms.
The operating output impedance is more likely to be between 10,000
and 20,000 ohms. Obviously, a direct connection between two stages
will result in a significant loss in gain due to the mismatch. If we
accept this reduced gain. then it becomes necessary to use more stages
in order to obtain a desired amplification. Another solution would be
to insert a device (i.e., a step-down transformer) which will match
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the higher output impedance of one stage to the lower input imped-
ance of the following stage. This solution has been used, and special
miniature transformers, Fig. 4-9, have been devised for the purpose.
Transformers, however, do not ordinarily possess the same flat fre-
quency response that can be obtained from RC networks. Also, trans-
formers are more costly, and hence it is often more desirable, from an
economic standpoint, to add an extra amplifier stage and use RC
coupling than to revert to transformer coupling. Both methods are
used, however, and typical amplifiers of both types will be examined.

)

|
Fig. 49 A special miniature transformer designed for transistor application.

A two-stage transformer-coupled grounded-emitter amplifier is
shown in Fig. 4-10. The interstage transformers have primary imped-
ances of 20,000 ohms each and secondary impedances of 1,000 ohms
each. Capacitors C, and C, are 10 uf in value, and resistors R, and R,
are 150,000 ohms each. The two resistors are needed to establish the
proper forward bias for the base-emitter circuits, and the two capaci-
tors are inserted to prevent grounding of the base bias through the
low d-c resistance of the transformer secondary windings. Overall
power gain of this particular combination is approximately 50 db.

A resistance-coupled grounded-emitter amplifier that will provide
approximately the same amount of overall power gain is shown in Fig.
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4-11. Note that three stages are required because of the mismatch
between the output of one stage and the input of the following stage.

A two-stage amplifier with high input impedance and d-c stabiliza-
tion is shown in Fig. 4-12. The higher input impedance is achieved by

C,
10 MF 10 MF

SIGNAL R SIGNAL

,NPUT 20K T 20K%‘ 1K fgox 20K§' 500 SUTRUT
(HlGH Tac

IMPEDANCE)  — +_—;L o

Fig. 410 A two-stoge tronsformer-coupled grounded-emitter amplifier. Two 2N464 transistors

are used.
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1 | | f

Fig. 4:11 A resistonce-coupled grounded-emitter omplifier that will provide opproximotely the
same omount of overoll power goin os the amplifier of Fig. 4-10. Three 2N464 tronsistors ore used.
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Fig. 4412 A two-stage omplifier with high input impedonce ond d-c stobilizotion.

the use of a grounded-collector stage, the signal of which is forwarded
to a grounded-emitter amplifier. Insertion of 10,000-ohm resistors in
the emitter leads of both transistors provides amplifier stabilization
against temperature changes. The first 10,000-ohm resistor cannot, of
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course, be bypassed, since the signal is obtained from this point. In the
second stage, however, an 8-uf bypassing capacitor is emploved.

The frequency-response behavior of this two-stage amplifier, at two
different bias voltages, is shown in Fig. 4-13. In transistor circuits,
as in vacuum-tube circuits, we obtain more gain for higher voltages.
The only precautions to observe are those dictated by the maximum
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Fig. 413 The frequency-response behavior of the amplifier shown in Fig. 4-12 at two different
bias voltages.
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Fig. 4:14 A resistance-coupled amplifier with o decoupling filter C; and R;. It might be desirable
to add additional filter sections if motorboating is encountered. The transistors are 2N191’s.

safe operating currents, the temperature, the breakdown-voltage
values, and collector dissipation.

In cascaded amplifier circuits, it is frequently desirable to employ a
decoupling filter across the battery or power supply. This is shown in
Fig. 1-14, where R, and C; serve this function. The need for these
components stems from the impedance of the power source (be it
battery or an a-c supply) and the necessity of preventing positive feed-
back from a later stage where the signal level is high to a prior stage
where it is low.
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In choosing values for R, and Cy, it is best to restrict R, to fairly
small values so that the operating voltage to the stages situated prior
to R, is not reduced to a value which will materially affect their gain.
Remember, however, that the smaller R; becomes, the larger C; must
be made in order to obtain effective filtering action. In general, the
time constant of R, X C; should be greater than 1/f for the lowest
frequency passed by the amplifier. In computing this time constant,
Cy is expressed in farads, R, in ohms, and f in cycles per second. The
values indicated for R; and C; are tvpical.

Negative Feedback in Transistor Amplifiers

Negative feedback can be employed in transistor amplifiers for the
same reason and in the same manner as in vacuum-tube amplifiers.
Negative feedback will improve amplifier stability, reduce distortion,
increase input impedances, and reduce the variations in gain caused
by different transistors (or tubes). The last feature is particularly im-
portant in transistor amplifiers because of the fairly wide range in
characteristics that one encounters among transistors of the same tvpe.
Fortunately, this situation is being steadily improved, and one can de-
pend upon a greater uniformity among transistors today than, say, two
or three years ago. However, a wide latitude will still be found among
similar units, and the use of negative feedback can often reduce the
variations in amplifier performance caused by these differences to a
considerable extent.

All the advantages of negative feedback are not obtained without
some penalty, this being the loss in gain. The loss is not a serious one,
however, because of the higher and higher voltage amplifications
which transistors are providing. We seldom lack sufficient gain; usually,
we have more than we actually require.

A simple form of negative feedback is obtained by leaving the d-c
stabilization resistor in the emitter lead unbyvpassed. This is a single-
stage approach to be used or not as desired by cach of the various
stages.

Another form of negative feedback is shown in the two-stage am-
plifier of Fig. 4-15. The feedback loop here extends from the output
circuit of X, to the emitter circuit of X,. Involved in this feedback are
two resistors R, and R: and one capacitor C,. R, is needed to provide
a means of inserting the feedback energy into the emitter circuit of X,;
hence, it was left imbypassed. R., in the same emitter circuit, is by-
passed by C,, and no teedback voltage is developed across these two
parallel components. R., however, does provide d-c stabilization for X,.
R, does the same for X,.
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In the negative feedback of voltage, we know that the phase of the
signal fed back must be 180° from the phase of the incoming signal.
It mav be instructive to check the signal polarities in the circuit of Fig.
4-15 to sce if this condition holds true. (The procedure will also help
the reader become familiar with the methods of checking signal
polarities in transistor circuits.) If we assume that the incoming signal,
applied to the base of X,, is positive at some instant, then the signal
voltage at the collector of this transistor is negative. This stems from
the 180° phase reversal that occurs in a common-emitter amplifier.

NEGATIVE FEEDBACK
PATH

- 4.5V

-1

Fig. 4-15 A two-stage amplifier employing negative feedback. Two 2N464 transistors or their
equivalent are employed.

The negative signal at the collector of X, is also negative at the base
of X,. This produces a positive signal at the collector of X., and a por-
tion of this signal is fed back to the emitter of X,. Thus, we have a
positive signal at the base and a smaller positive signal at the emitter.
Since these two voltages will work in opposition to each other in forc-
ing current through the emitter base, we obtain negative feedback.

The effect of negative feedback on the frequency response is shown
in Fig. 4-16. Note how much flatter the curve is with the feedback.
Also instructive are the two curves in Fig. 4-17. The left-hand curve
shows how the overall gain will vary with different transistors when
there is no feedback. Note how much better the action becomes when
feedback is employed.

The point of feedback return is governed by the phase conditions in
the circuit around which the feedback is sent. Consider, for example,
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the two-stage amplifier circuit shown in Fig. 4-18. The first stage is a
grounded collector, and it does not introduce any phase reversal in
the signal. The second stage is a grounded emitter, and it causes a
180° reversal. Under these conditions, the feedback line from the col-
lector of the second stage can be brought back to any signal point
prior to the base of this stage. The point chosen in this particular
circuit is the base of the grounded-collector stage, but it could just
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Fig. 4 16 The effect of negative feedback on the frequency response of the amplifier shown
in Fig. 4'15. (Electronics)
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Fig. 417 Negative feedback in an amplifier (such as the one shown in Fig. 4:15) will serve
to reduce the variations in overall gain that different transistors will introduce owing to varying
characteristics.

as easily have been the emitter of this stage or the base of the second
stage. At all these points, signal polarity is the same. The feedback
in Fig. 4-18 is voltage feedback, in contrast to the current feedback
obtained when the emitter resistor is left unbypassed.

Transistor-circuit Considerations

In dealing with transistors and transistor circuits, a careful distinc-
tion must be drawn between the limitations of the transistor as a de-
vice and the circuit in which it is placed. Perhaps the most obvious
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example of this occurs at the low-frequencey end of an amplifier re-
sponse characteristic. Tlere it is the external circuit elements capaci-
tors and resistors— which are responsible for a drop-off in gain. The
transistor itsclf is capable of amplifying down to direct current, and
once the signal is brought to the transistor, it will receive as much
amplification at 30 cycles as at 300 or 3,000 cycles. It is in bringing
the signal to the transistor through the coupling network that fall-off
oceurs.

4MF

1—%—

Fig. 418 Another negative-feedback arrangement. (Electronics)

Fig. 419 Simplified diagram of interstage
coupling network between two transistor
stages.

At this point, still another factor must be recognized. That is, while
the transistor itself has uniform amplification at the low frequencies,
it can influence the external circuitry by its input and output im-
pedances. For example, the common-base amplifier has a very low
input impedance. That means that any coupling capacitor connected
to the transistor input must itself possess a very small impedance so
that it does not rob any signal from the transistor. This is shown in
simplified form in Fig. 4-19. The current leaving the collector of the
preceding stage sees two paths to follow. It can either flow through
the collector load resistor R, or it can go through C, and the input
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impedance of the following transistor. In both instances it can return
to the emitter of its own transistor, thereby completing the circuit.

Now, in order to bring as much signal to X, as possible, it is desir-
able to divert as much collector current throngh C, and the input
impedance of X, as possible. Since the input impedance of X, is very
low, C, must be made as large as possible so that its reactance will
be small.

Consider, now, a common-emitter circuit at X,. Its input impedance
will be larger than for a common-base circuit. Consequently, it will
not be necessary to employ as large a capacitor C, as before because,
with the input impedance larger, lowering the impedance of C, below
a certain point will not measurably alter the total series impedance
of the input circuit. Finally, with a common-collector arrangement at
X., we will see a large input impedance. This means that C, will have
even less effect on the total series impedance and so a smaller value
of C, can be employed than in either of the two preceding circuits.

The reader will recognize, of course, that what we are dealing with
here is the relative impedance of C, and the input to the transistor.
If the transistor input is lower, C; will need to be larger before its
effect can be considered negligible. As the input impedance rises, the
best value for C, can change accordingly. In this sense, the transistor
can affect its connecting circuit. But given a certain transistor, we can
then look to the external circuit to establish the low-frequency end
of the network.

At the high-frequency end of the amplifier response, it is the tran-
sistor and the drop-off in its 8 that govern circuit behavior, This will
be discussed more fully presently. While the transistor is usually the
primary cause, poor external-circuit design can also affect the high-
frequency cutoff. For example, too large a shunting capacitor will
lower the upper cutoff frequency. This, too, was noted previously.
Also, too small a coupling capacitor can reduce the signal voltage
rcaching the next stage. But if the circuit has been properly designed,
then in most instances it is the transistor which establishes the upper
frequency limit.

Bias considerations. Another factor to consider when comparing
the three transistor-amplifier arrangements is the precaution to observe
when biasing these circuits. A very common biasing method, one
which helps to maintain amplifier stability, is the circuit shown in
Fig. 4-20. R, and R, form a voltage divider which provides the base
with the necessary potential to forward-bias the base-emitter diode.
With a given battery voltage, R, and R, can assume a wide range of
values to achieve the proper voltage division for the base. The smaller
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R, and R, are, however, the more stable the circuit. Now, let us see
what complications this brings with the three transistor configurations.

For a common-base amplifier, R, and R. can have their lowest values
because the input impedance of the common-base arrangement is low.
Hence, very little difficulty is encountered here.

In a common-emitter circuit, the input impedance is higher and
we must be caretul not to make R, and R. so low that they bypass
the signal current arriving from the preceding stage. Also, it R, and
R, are low, they will load the preceding stage more than the input
impedance of the transistor they are attached to would, and this will
lead to a lower overall circuit gain. In selecting higher values for
R, and R., however, we reduce the temperature stability of the circuit.

_Gv 'GV

fkl

Fig. 4:20 A widely used biasing network, Fig. 4:21 Another method of biasing o
R; and R,. transistor.

__i

Finally, in a common-collector stage, where the input impedance
is very high, we would try to avoid using the bias approach of Fig.
4-20 and go to something like the method shown in Fig. 4-21. The
temperature stability of the stage with this bias network of Fig. 4-21
is much poorer than it would be by using the bias circuit of Fig.
4-20, but R, and R. of Fig. 4-20 would act to reduce the input im-
pedance and thus undercut one of the major features of the common
collector.

Direct-coupled Amplifiers

We have spoken of and demonstrated RC- and transformer-coupled
amplifiers. Another type of amplifier that is extensively used is the
direct-coupled amplifier. In this circuit, a d-c path exists from the
output of one stage to the input of the next stage. In its simplest form,
a direct-coupled stage would appear as shown in Fig. 4-22. Ilere, the
output device, a pair of headphones, is directly connected to the col-
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lector element of the amplifier stage. In order to employ the phones in
this manner, their impedance should match the amplifier output, their
operation should not be affected by the collector current flowing
through them, and their d-c resistance should not be too high or the
resulting voltage drop will reduce the collector voltage to too low a
value. In place of phones, we might use a relay, a meter, or any one of
a number of devices.

Another direct-coupled amplifier is illustrated in Fig. 4-12, where
a direct path exists between the emitter of the grounded-collector
stage and the base of the following grounded emitter. Any decrease in
low-frequency response in this circuit would be due entirely to the
input capacitor C, and the second emitter bypass capacitor C..

o oy

HEADPHONES

S

—

Fig. 4:22 A simple direct-coupled transistor amplifier.

Another tvpe of direct-coupled transistor amplifier takes advantage
of the fact that there are two basic kinds of junction transistors: NPN
and PNP units. Each is the symmetrical counterpart of the other, and
the polarity of an input signul necessary to increase condhiction in a
PNP transistor is the opposite of that necessary to increase conduction
in an NPN transistor.

A direct-coupled amplifier that makes use of this symmetry is shown
in Fig. 4-23. The first transistor is an NPN amit; the second, a PNP
tvpe. The first stage is set up so that the collector current flowing
through its load resistor R, develops just enough voltage there to make
the base of the PNP transistor negative with respect to its emitter.
This establishes the proper conditions in the emitter-base circuit of the
PNP unit to bias it in the forward direction. Thus, by the proper
choice of resistor values and battery potential, both stages will operate
as class A amplifiers.

The application of a signal to the base of the NPN stage will result
in an amplified signal appearing across R.. For example, when the sig-
nal at the base of the NPN transistor goes positive, an amplified nega-
tive voltage will appear across R, (collector end negative with respect
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to battery end). This increasing negative voltage will provide an even
greater forward bias for the base-emitter circuit of the PNP transistor
and cause an increased How of current through this unit. Electrons
will flow up through R, making the top end positive with respect to
the bottom end.

Thus, the positive signal applied to the input of this amplifier
appears with the same polarity, but in amplified form, at the output.

+22.5V

33K
—
ouTPUT
INPUT I
C,
8MF ,
2K

+22.5V

Fig. 4:23 A direct-coupled amplifier that makes use of the complementary nature of NPN and
PNP transistors. Yoltage gain of this system is 660; power gain is 53 db. (After R. D. Lohmen,
Complementary Symmetry Transistor Circuits, Electronics, September, 1953.)
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Fig. 4:24 A direct-coupled pulse amplifier.

Note the simplicity of this arrangement, requiring as it does no cou-
pling capacitors and only one battery supply. (Both 2214-volt poten-
tials shown would come from one source.)

Another two-stage amplifier designed along somewhat similar lines
is shown in Fig. 4-24. This system has for its sole purpose the amplifi-
cation of pulses, and its mode of operation is therefore modified ac-
cordingly. For example, if you examine the base-to-emitter circuits of
both stages, you will note that no forward bias is employed. The
characteristic curves for grounded-emitter operation (such as we have
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here) reveal that when the base current is zero (that is, I, = 0),
the collector current is quite small. In terms of operation, this means
that the transistor is biased close to cutoff. This is true in both am-
plificrs of Fig. 4-24, although the second stage is not so close to
cutoff as the first stage. This is because the small collector current
that flows from the first transistor passes through R, and the small
forward biasing voltage that is developed shifts the operating point of
the second transistor away from cutoff.

In the circuit of Fig. 4-24, a positive pulse of 0.25 volt input to the
first stage is amplified to a 20-volt peak at the output of the second
stage. Conduction is required only when the pulses are applied, hence
the reason for the cutoff biasing.

Direct-coupled amplifiers are not used as extensively as they might
be because of the stability problems they present. Any change in the
d-c operating point of one stage immediately alters the d-c operating
points of all succeeding stages. This in itself might not be so bad if it
were not for the fact that most stages are connected common-emitter
and a change in input base current produces g times that change in
the collector circuit. Since common values of g range from 50 to
100 or more, it will be readily recognized that in a direct-coupled
string of stages, an infinitesimal change in an early stage will quickly
build up, after a few stages, to substantial proportions. To prevent
this buildup, considerable d-c¢ feedback must be employed, and this
will not only add to the expense of the circuit but also generally act
to affect the gain adversely.

The principal offender, in most instances, is the change in I with
temperature. Hence, any arrangement of (lirect-coupled ampliﬁers
that may be devised must somehow minimize the effect of changes
in Iy This has led to circuit designs such as the one shown in Fig.
4-25. Two 2N1428 silicon transistors are directly coupled, with the
signal output from X, proceeding directly through R, to the base of
X,. The two transistors share a common-emitter resistor Ry, and this
has the effect of eliminating the degeneration that normally results
from an unbvpassed emitter resistor. Degeneration is effectively elim-
inated because the a-c signals through Ry from each transistor are
180° out of phase.

The effect of the Iy, of X, on X, can be seen from the following
analysis. Any increase in I.o, will cause a change in the collector
current of X, by a factor of Ble,. This increased current flowing
through R, will produce a greater voltage drop, with the collector
end of Ry becoming more positive. Since X, is a PNP transistor, this
increase in positive voltage across R, will drive it closer to cutoff;
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hence, this will alter the operating point of X, and certainly modify
its effect on any signals passing through the cireuit.

In this arrangement, the I, of X. and the Iy, of X, are made to
offset each other’s effects. Ieo, Hows in the path indicated by the solid
arrows in Fig. 4-25, and I, flows in the path indicated by the dotted
arrows. By adjusting the value of R,, we can regulate the additional
current that the voltage across R, sends into the base of X,. (Consider
the additional voltage drop across R, as a small battery. Then the cur-
rent fed to the base of X, will be proportional to this voltage divided by

R OuTPUT
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Fig. 4:25 A low-drift direct-coupled amplifier. (Philco Corp.)

R,. This, of course, is Ohm’s law.) R, is sclected to have this current
equal Ir,,. Since the two currents flow in opposite directions, changes
in I, and I, can be minimized. By using similar transistors for
X, and X., we are more likely to have fairly identical variations in
Iy, and Ie,,, and this will permit compensation over a wide range of
temperatures. Figure 4-26 shows the low drift in voltage gain with
temperature for this arrangement.

Two bias supplies are required in the amplifier. This is the case
because R, is small compared to R;, vet cach transistor should have
approximately the same operating point. Since the emitter voltage is
developed across a common-emitter resistor, the collector supply
voltage is necessarily smaller for the transistor with the smaller load
resistor.
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Power Amplifiers

Since all transistors are current-operated devices, all serve essen-
tially as power amplifiers. In this section, however, we are concerned
with high-power units, those which are capable of dissipating powers
in excess of 1 watt,

A high-power transistor means, in essence, one that develops con-
siderable amounts of current, generally in the ampere range. The
initial approach to this goal is to simply enlarge the dimensions of the
emitter, base, and collector elements until the desired amount of
current is achieved at the specified heat-dissipation rating. For the
lower-power transistors, this is all that is required.

40 T ‘ T | - l T
4

W
o
T
|
| —

— 4 == — — _+ -

| | ‘ | [ |
]
VOLTAGE GAIN ‘
VERSUS w

TEMPERATURE 4_
Blaiars - |

‘! | | ] ! '

30 40 50 60 70 80 90 100 no 120 130
TEMPERATURE, °C

VOLTAGE GAIN, D8
~nN
o
[
‘ |
_1._._
\
—
i
1
|
|

l
|
|
|
|

Fig. 4-26 The variation in voltage gain vs. temperature for the direct-coupled amplifier of
Fig, 4:25.

As the transistor dimensions are increased, however, it is found
that the emitter cfficiency (or the emitter ability to inject carriers
into the base) decrcases. The reason for this stems from the fact that
in a very large transistor, the base current is fairly substantial and,
in flowing through the base layer, produces an ohmic voltage drop
which reduces the forward bias on parts of the emitter distant from
the base electrode. As a result, most of the cmitter current is ob-
tained from a very narrow strip around the edge of the emitter, while
the central emitter region is less effective.

To get around this difficulty, a number of manufacturers use a ring-
shaped emitter, Fig. 4-27. By making this ring large enough, sufficient
current is obtained; at the same time, because of its shape, efficiency
is maintained.

A variation of this construction is shown in Fig, 4-28. A small second
base contact is placed at the center of the emitter ring and connected
to the outer base ring. This additional base segment develops an elec-
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tric field which helps to pull carriers from the emitter inward toward
the collector and thereby assists in directing the flow of current from
emitter to collector.

Still another high-power transistor is shown in Fig. 4-29. This
transistor employs a mesa-like construction, using a l(mg Narrow
emitter (in the center) surrounded on three sides by the base elec-
trode. The collector, which cannot be seen, is undermneath.

~BASE RING
~_CONTACT

EMITTER-

i ZINS

AAAY
_P~COLLECTOR

Fig. 4:27 A pawer transistor utilizing o ring-shaped emitter.
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Fig. 4-28

Alloy-junction transistors, as well as many of the other tvpes previ-
ously discussed, have heen emploved for power application. The power
transistor shown in Fig. 4-30, for example, combines alloving and dif-
fusion techniques. An alloved junction is emploved for the emitter,
while the collector has a diffused structure, This makes it possible to
eliminate the indium or lead allov at the collector, where its high
thermal resistance Dbetween the collector junction and the heat sink
impedes the removal of the heat generated at the junction. With the
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diffused construction, a lower-thermal-resistance connection can be
made to the heat sink, thereby permitting higher allowable dissipa-
tion.

Thermal resistance impedes the flow of heat just as ohmic re-
sistance impedes the flow of current. By employing materials having
low thermal resistance, we are able to draw the heat away from the
collector junction more quickly and prevent a buildup of heat with
its consequent deleterious effect on the transistor.

Fig. 429 A power transistor using a mesa-like construction.
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RECRYSTALLIZED Pb-As ALLOY BASE TAB
REGION DOT

Fig. 4-30 Cross section of an alloy-emitter diffused-collector power transistor. (RCA Review)

In order to keep the junction temperature at a safe value, it is
usually necessary to provide a means for rapidly transferring heat
from the junction to the surrounding air or other medium. Copper
and aluminum are suitable materials for the construction of heat sinks
which have low thermal resistance. The efficiency of a heat sink in-
creases with an increase in the surface area which is exposed to the
cooling medium. (Application Note 1-A, Transistor Heat Sinks, Delco
Radio Division, Kokomo, Indiana.) When a transistor is used in a
low-dissipation application, the use of a copper or aluminum chassis
will provide sufficient cooling if there are no other sources of heat
on the same chassis.
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High-dissipation applications will generate more junction heat than
can safely be dissipated by the chassis itself. If unlimited space is avail-
able, plain sheets of copper or aluminum may be used as heat sinks.
Figure 4-31 indicates the variation which may be expected in the
heat-radiating efficiency of 's-in. aluminum as its area and orientation
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Fig. 431 The variation in heot- g i : , f + 11
transfer characteristics of 1¢-in- . 67— 1 { 1T 1 ""|‘— R
thick aluminum as its area and 2 s5|- I { | | N
method of mounting are varied. il [
‘-,3 4 . + -I —4- .
[%2]
w3 -1 l ! { 1 4 ]
& T 1
s | HORIZONTA
I VERTICAL \i—-m%“*';‘ ]
% 1 f | 0 - ] LS I B =
Ll l 1 1 1

1 ] 1 ]
00 20 40 60 80 100 120 140
SQ/IN, AREA OF ONE SIDE OF HEAT SINK

n

]

-

Q — N W NN O O

4

i
+ +
|

Fig. 4:32 The variation in heat-
radiating efficiency of ! ¢-in.-thick
copper as its area and method of
mounting are varied.
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are varied. Figure 4-32 gives corresponding data for '4-in. sheet
copper.

When space limitations forbid the use of large sheets of metal as
heat sinks, it is possible to use finned heat sinks of a design which
permits the concentration of large surface arcas within a small space.
The heat sink shown in Fig. 4-33 compresses 80 in.? of radiating
surface into an overall volume which measures 434 by 13 by 3 in.
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Made of extruded aluminum, the heat sink is painted flat black to
facilitate the radiation of heat.

The graph in Fig. 4-34 shows the temperature differential between
the collector mounting stud and the ambicnt air at various collector-
dissipation levels, with the heat sink in the horizontal and vertical

positions.
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Fig. 4:34 Thermal characteristics of the heat sink shown in Fig. 4-33.

Figure 4-33 also shows an insulating spacer which may be used for
electrically isolating the heat sink from the chassis. Electrical isola-
tion of the transistor from the heat sink can be accomplished by
special transistor-mounting kits shown in Figs. 4-35 and 4:36. The
mica insulators will, however, have a thermal resistance which must
be added to the thermal resistance of the heat sink. Best heat dissipation
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HIGH- POWER TRANSISTOR

~MICA INSULATOR
1-1/4 SQ x 0.001 TO 0.002 THK

| =P~ ———INSULATING BUSHINGS
i = USE ONE FOR MOUNTING ON
i T MATERIAL 1/8" TO 15/64" THK
SRS USE TWO FOR MATERIAL OF
\\ 2 174" OR GREATER THICKNESS
" ~ COPPER OR ALUMINUM HEAT
== SINK OR CHASSIS
T
@\” ~MICA INSULATOR
Q.. ~METAL WASHER
s ~SOLDER LUG

—10-32 HEX NUT

Fig. 4:35 The method of mounting o transistor on o heat sink.

147

E ——4-40 x1/2 RH SCREW (2)
|

Fig. 4:36 Heat sinking another
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is achieved when the transistor is mounted near the lower edge of the
vertically mounted heat sink. This heat sink is prepunched to allow
mounting either of the illustrated transistors JETEC Tvpe TO-3
(diamond) and JETEC Type TO-6 (doorknob) — directly to the heat
sink. If the transistor is to be insulated from the heat sink, the user
may enlarge the mounting holes to allow the use of the appropriate

mounting Kit.

World Radio History]
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A variety of heat sinks are available, and some typical units are
shown in Fig. 3-2.

Any consideration of transistor heat dissipation should include an
explanation of the factors which affect the generation of heat in a
transistor junction. As a generalization it may be said that heating is
determined by the mode of operation (switching service, audio
amplifier, etc.), the level of bias and signal applied to the transistor,
and the waveform of the applied signal.

Operation of a transistor as a square-wave oscillator or as a class B
amplifier of square waves results in less junction heating than does
the generation of sine or complex waves or operation as a class A
amplifier.

In the generation or amplification of square waves, the transistor is
alternately cut off and saturated. When cut off, no heating occurs
because there is practically no current flowing throngh the junction.
When saturated, the resistance of the junction is so low that there is
practically no voltage developed across the junction which would
cause power losses.

Efficient square-wave operation requires the application of relatively
high levels of signal to the control element of the transistor in order
to assure complete cutoff and saturation. Any rounding of the wave-
form indicates power losses which are dissipated as heat.

Class A operation of transistors for the amplification or generation
of a sine or complex wave results in the dissipation of power in the
transistor junction. This is true because the transistor is operating
essentially as a variable resistor rather than as a switch. In class A
operation the transistor bias is adjusted to a value which will keep the
transistor operating on the linear portion of its characteristic curve,
Thus there is flowing a no-signal collector current which is equal to
about one-half of the peak value of collector current. The power dis-
sipated in the junction by this no-signal current is in the form of heat.

Power transistors are physically larger than low-level transistors and
are mounted in metal cases which offer low thermal resistance. Several
tvpical units are shown in Fig. 3-5.

Class A power amplifiers. Circuit arrangements of single-ended
power amplifiers do not differ to any marked degrec from those of
corresponding voltage amplifiers. Figure 4-37 illustrates two class A
power amplifiers designed to drive the loudspeaker of an audio
amplifier (or a radio or television receiver). In one instance, two
batteries are emploved: in the other, a single battery is emploved. The
output transformer would be designed to match the impedance of the
collector on one hand and that of the loudspeaker on the other. The
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amount of power that may be obtained from this arrangement will
be governed by the size of the battery and the permissible dissipation
in the transistor itself. As in vacuum-tube practice, a sing]e-ende(]
power amplifier can be operated only class A.

Power amplifiers can also be operated in push-pull. A typical illus-
tration of an audio amplifier using a single driver stage and a class A

Fig. 4:37 Two closs A power amplifiers.

INPUT

§100K

Fig. 4-38  An amplifier using a 2N36 driver and two 2N37's in push-pull. All these transistors
are PNP units. The 10-ohm resistors in the emitter leads are designed to stabilize the transistor
against temperature changes.

push-pull output stage is shown in Fig. 4-38. All transistors are op-
erated with common emitters, and transformer coupling is employed
between the driver and output stages and between the output ampli-
fiers and the loudspeaker. The resistance R, is variable and is adjusted
for a total collector current of 8 ma.

Push-pull amplifier operation results in the cancellation of second
harmonies within the stage. For the same amount of distortion, then, a
class A push-pull amplifier can be driven harder, thereby providing
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greater output. This also means that we can obtain more output with
push-pull operation than we can get by using two similar transistors
as single-ended amplifiers.

Class B power amplifiers. In class A push-pull operation, the aver-
age current that Hows remains steady, whether or not a signal is being
applied to the stage. More efficient operation can be achieved with
class B operation, where each transistor is biased to cutoff. When no
signal is applied, practically no current Hows and no power is being
dissipated.

The circuit of a class B push-pull amplifier is shown in Fig. 4-39.
Three power transistors are employed; the first one serves as a class A

AUDIO DRIVER AUDIO OUTPUT
TI001 2N225

INPUT

TO
SPEAKER

VOLUME
10K

-6V

Fig. 4:39 A two-stoge oudio omplifier. The output stage is operoted class B.

driver amplifier and the remaining two serve as a class B output stage.
Efficiency of the class B stage is close to 75 per cent. This is achieved
because, with no signal, the total class B collector current is extremely
low, since the stage is biased near cutoff. In a class A amplifier, the
efficiency is perhaps half this amount or less because a fairly sizable
collector current always Hlows, signal or no.

Input signals are applied to the base of the first audio amplifier. A
2,200-ohm bypassed resistor in the emitter circuit of this driver stage
provides thermal stabilization only; it does not introduce signal de-
generation. However, just above it is an unl)ypasscd 120-ohm resistor,
and this does provide signal degeneration.

The output of the driver stage is transformer-coupled to the class B
amplifier not only for proper impedance matching but also to provide
two signals 180° out of phase with cach other (as required by the
class B amplifier). A 6.8-ohm resistor in the emitter circuit of this out-
put stage introduces a small amount of signal degeneration to improve
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the stabilitv of the circuit., The base circuit contains a 33-ohm resistor.
across which a small voltage from the negative G-volt supply is de-
veloped. The purpose of this voltage is to reduce crossover distortion.
(This will be explained presently.) The collector clements of the two
output transistors connect to opposite ends of the ontput transformer.
and the d-c voltage is brought in at the center tap. The 0.1-pf
apacitor across the primary of the output transformer removes the
highs from the output signal for a more mellow ontput tone. The
speaker is an extremely small one which, because of its dimensions,
naturally tends to emphasize the higher frequencies. This is counter-
acted somewhat by the 0.1-pf capacitor.

Class B audio amplifiers arc favored in many transistor receivers not
only for their greater power and reduced distortion bnt also becanse
their current drain is practi ally zero when no signal is being received.
If two class A output ampliﬁers were connected in push-pull, an aver-
age current would always flow and impose a constant drain on the
])attery. Since these are power transistors, their current re([uiremcnts
are fairly large and a significant amonnt of power would be dissipated.

Now let us examine the reason for the 33-ohm resistor in the base
circuit of the output amplifier. Its purpose is not so much to provide
base-emitter bias as it is to miniinize a condition known as crossover
distortion. When transistors are connected back to back in push-pull
arrangements and the bias is zero, there is a region near cutoff where
their respective characteristic curves tend to become nonlinear, Fig.
4-40a and b. Note the jog in both curves near the origin. If we now
introduce a sinusoidal base current into the imput circuit, Fig. 4-40c,
we will obtain the distorted collector current indicated to the right of
the characteristic curve. This distortion becomes more severe as the
signal level decreases.

To prevent crossover distortion, a small amount of forward bias is
introduced between the base and emitter of each transistor. In Fig.
4-4la, the transfer characteristics of the transistors are shown back
to back for zero base bias. These curves are not combined. The dashed
lines indicate the base-current values when forward bias is applied to
provide the overall dynamic operating curve of the amplifier. With this
forward bias, the two curves nmst be shifted until the dashed lines
are aligned with cach other, Fig. 4-41b. Note that now the jog at the
center of the curve has disappeared. If we apply a sinc-wave signal,
the undistorted output shown in Fig. 4-41c is obtained. The 33-ohm
resistor in Fig. 4-39 provides this forward bias for the output stage.
The output of the audio system in Fig. 4-39 is approximately 150
mw to a 3-in. speaker.
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A sceond audio svstem is shown in Fig. 4-42. There is one small
cireuit variation in Fig. 4-42 that the reader should become familiar
with. This occurs in the class B output stage, where two PNP transis-
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