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•) To understand the different calculations fully, it is necessary to have some knowledge of 
algebra.

mass-production methods

such equipment by the
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since, although such transistors have been in development for only

a happy medium by keeping the theoretical material

whole range of

a new electronic

on an

Less than ten years ago, Bardeen and Brittain announced the invention of 

component which they called the "transistor”, thus combining the terms "transformer" and 

"resistor". Like electron tubes, transistors amplify electrical energy, but they operate 

entirely different principle.

In fact transistors and electron tubes differ so much and in so many respects that the former 

might almost be labelled "any resemblance to existing amplifying devices is purely coincidental". 

The development of the transistor, in essence an improvement on the crystal detector, aroused 

intense interest in many quarters, not only amongst scientists, but also amongst manufacturers 

in all branches of the electronics industry, who began to wonder whether this discovery would 

revolutionize the design of their products.

Indeed, many people at present using electron tubes are of the opinion that if transistors do 

not actually supersede thermionic tubes, they will at any rate make possible a 

new applications.

That the development of the transistor made, and continues to make, such rapid progress is 

mainly due to the thoroughness of investigations carried out under the direction of Shockley 

in the Bell laboratories.

Experience has already shown that in many applications modern transistors can be used 

instead of electron tubes, and may even provide the answers to many switching problems which 

cannot be solved satisfactorily with tubes. At the same time, it does not follow that transistors 

can now be used as a matter of course instead of electron tubes; for one thing the only common 

function is amplification (usually the gain per stage is smaller in the case of the transistor) and, 

what is more important, the number of types of transistor is still strictly limited. Moreover, some 

transistors, notably those for use at high frequencies, are still in the comparatively early stages of 

development.

This book is an

as possible *) and at the same 

for whose benefit a

as simple 

time precise enough to be appreciated by scientific students, 

list of suitable literature is provided at the end.

Considerable attention is given to practical applications, and 

provided. They include one or two circuits for high-frequency transistors, 

a short time, sufficient 

progress is being made with them to ensure steady improvement of types and circuits.

As the circuits provided have been specially chosen to enable them to be constructed by 

those without technical training, many of them are not suitable for 

of manufacture and do not satisfy all the requirements imposed on 

Electronics Industry.

attempt to strike
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Transistors are crystal amplifiers

In their manufacture semi-conducting materials such as 

single crystals are employed.

Transistors fall into two categories, namely point-contact transistors (no longer very important 

from the technical point of view) and junction (or layer) transistors.

The theory of transistors is more complex than that of electron tubes. To understand how 

transistors work it is necessary to know something about the structure of atoms. Accordingly, 

the physical and chemical aspects of germanium crystals are discussed briefly in the first chapter.

used, like certain electron tubes, to amplify electrical energy, 

germanium and silicon in the form of



PART 1 - THEORY
CHAPTER I

SEMI-CONDUCTORS
ATOMIC STRUCTUREI. 1.
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take place in several ways, we are concerned with 
the covalent bond between atoms each of which

exchange of electrons between individual 
rare gas shell.

According to the

sun.
in orbits or "shells" around the nucleus of the atom 

can accommodate

Although this “borrowing” of electrons can 
only one of them, producing what is known as 
lacks one or more electrons in its outer shell.
A typical example of the covalent bond is that formed between fluorine atoms (fig. 2). Individual 
atoms of fluorine have seven electrons in the outer shell, but manage to change the effective 
number to eight, consistent with the stable state, by sharing one electron with a neighbouring

a nucleus around which

m i i / F /N i

It also follows from the theory of quantum mechanics that the stable rare gas shells are asso
ciated with the minimum energy state; hence all atoms try to acquire such shells. So strong 
is the compulsion towards this state that atoms “borrow” electrons from their immediate neigh
bours in order to reach it.
Accordingly, chemical bonds should be regarded as an 
atoms whereby each atom tries to acquire a stable

It is found that shells K, L, M, N . are fully occupied by 2, 8, 18, 32 . . . electrons respectively. 
From the theory of quantum mechanics it can be shown that shells fully occupied by electrons 
constitute perfectly symmetrical, and therefore also very stable, arrangements of electrons around 

stable distribution,the nucleus. Moreover, eight electrons in the outer shell likewise constitute a 
even when this is not the full quota for the particular shell.
Such stable shells are sometimes referred to as “rare gas shells”, since the outer shells of the 
rare gas atoms, e g. helium, neon and argon, contain this number of electrons.

universally adopted conception, all atoms comprise 
electrons revolve like the planets around the 
Bohr has shown that the electrons move 
and that the shells, conventionally indicated by the letters K, L, M, N, etc., 
only certain numbers of electrons, different for each shell (fig. 1b).

— ©
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CURRENT CONDUCTION IN SEMI-CONDUCTORSI. 3.
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reality partial interpenetration of the electron shells occurs. The structure 
as a "diamond lattice”. In general terms, "lattice” means a

a diamond lattice (fig. 4).

In diamond, say, which is really pure crystallized carbon, the cubes are stacked with their 
edges contiguous (fig. 4). To present a clearer picture, the distance between centres of the 
atoms is very much exaggerated in all these diagrams. It will be evident from what has been

Germanium, No. 4 in Group IV of the periodic system of elements, is closely related to carbon 
and silicon. The nucleus of the germanium atom is surrounded by 32 electrons, four of them 
in the outer shell (N-shell). Hence it has four electrons fewer than the rare-gas structure of 
krypton, which has 36 electrons, eight of them in the N-shell. 
Like carbon, then, germanium is tetravalent and crystallizes with

atom. Hence the bond is formed by the pairing of atoms. Fluorine, then, is univalent, since 
each atom is capable of binding one other atom. Of course, this is only a simplified explanation 
of the chemical bond. In reality the electrons are not stationary, but revolve about the nucleus 
at tremendous speed. Another point to be borne in mind is that of the seven electrons in the 
outer shell of fluorine atoms, two revolve in elliptical, and five in circular orbits (see fig. 1b, 
germanium atom). Accordingly, covalent bonds involve distortion of the atomic structure, partic
ularly in complex compounds. Owing to the pairing of electrons, the valency forces (binding 
forces) act upon them at strictly defined angles; hence the atoms fall into characteristic three- 
dimensional patterns. For example, in the case of carbon atoms, with four electrons in the 
L-shell (and therefore with a strong compulsion to capture 4 more) the valency forces assume 
angles of 109° 28' with each other, that is to say precisely the angles formed by the median 
axes of a tetrahedron (solid figure enclosed by four triangles) (fig. 3a). The arrangement of 
carbon atoms can also be shown as a cube, with the adjacent atoms placed diagonally at the 
corners (fig. 3b). This is what is known as a cubic lattice.

said so far that in 
shown in fig. 4 is what is known 
regular pattern or arrangement.
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At absolute 
excess 
In other

current-carriers, 
the temperature. Accordingly, 

in other words, their resistance
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the number of electrons released 
more conductive by 
one promoting the

“acceptor"; mixed with pure germanium it forms what is known 

capturing an electron, acceptors acquire a r w

soon as

(— 273° C) all the valency electrons are in bonds; hence there are no 
move freely through the crystal and thus to produce an electric current.

a perfect insulator. It is interesting to compare 
an insulator despite being simply pure carbon. Graphite, on 

a different (hexagonal) lattice structure, is a good conductor.
on

zero
electrons to

words, the material is, in effect, 
germanium with actual diamond, 
the other hand, which has 
Accordingly, it will be evident that the electrical properties of materials depend very much 
the arrangement of atoms in the particular crystal lattice.
The conductivity of most materials is affected by temperature. Heat, actually a form of energy, 
produces molecular vibration, which tends to disturb the arrangement of the atoms. The result 
is that some of the bonds are broken, and electrons are thus released (higher energy state; 
see I. 2). Such electrons leave gaps — or positively charged "holes" as they are called — in 
the crystal lattice ("weakened bonds" is really a more apt description). At the first opportunity, 
however, the ejected electrons fall back into the nearest hole (recombination); in this way, 
a random migration of free electrons and holes takes place (fig. 5).
When as many electrons are ejected as are recombined in a given time, a state of "thermal 
equilibrium" exists; this means that the number of free electrons is constant at a given temper
ature, but increases with the ambient temperature. Since such electrons are 
the electrical conductivity of the particular material depends on 
the temperature coefficient of semi-conductors is negative, or 
decreases as the temperature rises.
As we have seen, the positions vacated by electrons become positively charged holes. In 
effect, since such holes appear as soon as the occupying electron is ejected from the bond, 
holes and electrons migrate in opposite directions, in very much the same way as wi'.h, say, the 
sliding pieces of certain puzzles (fig. 6). When one of the pieces is moved to the left, the 
hole shifts to the right.

Holes behave like electrons, i.e. like freely moving particles, but are oppositely charged. From 
the theory of quantum mechanics, the mass of a hole is slightly different from that of an 
electron; also they do not move quite as readily. This is because electrons are freely moving 
particles, whereas holes shift only when they happen to capture an electron, which involves a 
certain amount of delay.
The conductivity of pure germanium is low, and depends on 
at room temperature. However, germanium can be rendered very much 
adding certain impurities to it. Such impurities are of two kinds, the 
production of free electrons and the other the production of holes.
The first group includes substances with five valency electrons, e.g. arsenic and vanadium, both 
of which are pentavalent. It will be evident that, when such atoms are introduced into the 
diamond lattice of germanium, they each leave one valency electron unable to enter a bond. 
Accordingly, a very small amount of arsenic added to the germanium is enough to produce 
a surplus of electrons; arsenic, then, is what is known as a donor . The mixture of the two is 
called n-germanium. Donor atoms giving up an electron acquire a positive charge.
In the other group, such trivalent impurities as indium and aluminium create a deficiency 
of electrons; in other words, mixtures made with them contain more holes than electrons, 
because electrons released from the germanium are used by the indium (or aluminium) to form 
the 4th bond with the germanium. Because it captures free electrons, indium is called an 

i as p-germanium. Through 
negative charge. The amount of impurity required
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is only very small, i.e. of the order of one pari in 108 (or 1 in 100,000,000). Larger amounts 
only reduce the desired effect.
In bulk, p-germanium and n-germanium 
is because donors and acceptors alike . 
duced by them.

i are both electrically neutral, like all metal alloys. This 
are charged oppositely to the electrons and holes pro-



CHAPTER II

THE OPERATION OF TRANSISTORS
P-N JUNCTIONS*)II. 1.
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thermal energy ejects electrons from bonds on both

repels electrons arriving from the n-zone, and 
repels the holes coming from the p-zone. The 

result is that, when the two different types of germanium are brought together to form a 
junction, the exchange of electrons and holes is quickly reduced, and eventually ceases as soon 
as the potential difference between the two attains a certain value The electrostatic field 
produced by this potential difference in the transition zone repels the charge carriers when they 
approach the junction (fig. 7), and with all free charge carriers thus excluded from the very 
narrow zone on both sides of the junction, this zone can be considered, more or less, as an 

insulator (I. 3).

The transition zone is roughly 1 micron (= 0.001 mm) wide. Such zones can be widened, 
however, by applying a direct voltage from an outside source to the p-germanium in such 
a sense that the p-germanium is rendered still more negative with respect to the n-germanium. 
Such a bias voltage strengthens the electrostatic field in the transition zone, thus driving the 
free charge carriers further back and therefore widening the insulating layer or "barrier” layer 
as it is called, and increasing the (barrier)resistance. The barrier resistance increases with the 
voltage only up to a point, since with very high voltage other effects occur, which ultimately 
cause breakdown If the polarity of the applied direct voltage is reversed, making the p-germa
nium positive with respect to the n-germanium, the p-zone attracts electrons from the n-zone, 
and the n-zone, then negatively charged, attracts holes from the p-zone.
A very small potential applied in this direction, which is known as the forward direction , is 
sufficient to produce a heavy current of electrons and holes. So far, however, we have not 
taken into account the electrons and holes released by thermal energy - the "intrinsic” charge
carriers as they are called. Their contribution to the total forward current, injected into the 
germanium through the terminals, is negligible. At the same time, they have the effect of 
making the insulation of the barrier layer in the reverse direction less than perfect, since 

near the limits of the transition zone ' *' 
sides of the junction, thus producing not only free electrons, but also holes.

Let us now consider what happens when a piece of p-germanium and a piece of n-germanium 
merge in a continuous crystal lattice, thus producing a p-n joint, or "junction”.
The n-germanium yields a portion of its free-electron surplus to the p-germanium, which is 
short of electrons; similarly, the p-germanium supplies some of its excess holes to the n-germa- 
nium, which is short of (hem This exchange bears some resemblance to what happens when two 
chambers containing different gases are in communication with each other; the molecules of 
the one gas are displaced by those of the other gas, and vice versa, so that after a time the 
mixture of the two becomes homogeneous throughout both chambers.
The situation produced by joining p-germanium and n-germanium is more complex, however, 
because the particles involved are electrically charged. Since both pieces of germanium are 
initially electrically neutral, electrons passing to the p-zone from the n-zone make the former 
negative with respect to the latter. The potential difference between the two is further increased 
by the migration of holes from the p-zone to the n-zone, m.
to the p-zone.
Being now negatively charged, the p-zone then 
at the same time the positively charged n-zone

©!
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II. JUNCTION TRANSISTORS2.
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current of holes to the base, and this is precisely what is wanted by the
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reach the collector/base 
on them, thus

Briefly, the transistor operates 

a

which in turn depends on 
dependent.
We have seen, then, that a 
bringing a piece of p-germanium and a 
however quite as simple as 
"joining" p and n germanium, but an 
special equipment.

as it is called — is formed by

voltages, i.e. the positive emitter voltage and the negative collector voltage obtained from 
sources outside the transistor. The former governs the size of the hole current and the latter 
"absorbs” this current as fast as it is supplied by the emitter. Given a sufficiently high collector/

however, the emitter/b.
of the ordinary junction diode, this means that the positive p-region 

negatively charged base

crystal diode — or junction diode
piece of n-germanium together. This operation is not 

it sounds, since the forming of junctions is not merely a matter of 
intricate process requiring much technical knowledge and

as follows: in the first instance the collector/base diode raises 
potential barrier in the same way as the junction diode (see II. 1). The electrostatic charges 

of collector and base produce another barrier at the junction of the two by causing the collector 
to repel the excess electrons arriving from the base (of n-germanium), and the base to repel 
excess holes arriving from the collector. Being negatively charged, the collector tries to attract 
positive holes from the n-germanium (the base), but fails, of course, because no holes are 
being formed. As we have seen, however, the emitter/base diode is biased in the forward 

direction. As in the case 
(the emitter) attracts electrons from the n-region (the base) and the 

attracts holes from the emitter.
The result is a 
collector/base diode. 
Now, because the base is very thin, most of the incoming holes soon 
transition zone, where the negative charge of the collector exerts a strong pull 
producing a current of holes from the emitter to the collector; this current is sustained by two

According to their respective charges, the intrinsic holes in the p-germanium are repelled, 
and the intrinsic electrons attracted, by (he positively charged n-germanium. In this way a 
leakage current is produced, corresponding to the number of intrinsic electrons and holes, 

the temperature. Hence, the barrier resistance is also temperature

junction - or layer - transistors comprise three layers 
of a sandwich. The combination may be either p-n-p or n-p-n.
Other possible combinations, say p-n-p-n, having no equivalents amongst existing electron tubes, 
offer very interesting possibilities, but it is not within the scope of this book to describe them. 
We shall consider mainly p-n-p transistors; n-p-n transistors operate in a similar way.
Fig. 8 shows the basic construction of p-n-p transistors. The different layers are referred to as 
the emitter, the base and the collector, respectively. Although the emitter and the collector 
are of similar material, there is a constructional difference between them, which will be defined 
later. Separate feed-wires, marked e, b and c respectively, are attached to each layer. With 
the base, the collector and the emitter each form an individual junction diode. The emitter/base 
diode is biased in the forward direction, and the collector/base diode in the reverse direction, 
by giving the emitter a positive potential of some tenths of a volt, and the collector a negative 
potential of some volts, with respect to the base.



of all the holes, the hole current will be governed solely by the

"minority current" is produced owing to the
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or p-n-p-n transistors)

II. 3. POINT-CONTACT TRANSISTORS

All modern junction transistors were developed from their predecessor, the point-contact tran
sistor. That the point-contact transistor was not given pride of place at the beginning of the 
book is because the principles of transistor action can be explained more readily wi’.h reference 
to the junction transistor. Point-contact transistors also contain transition zones similar, in effect,

base voltage to dispose 
emitter/base potential.
Another factor, which we have not previously taken into account, is the recombination of holes 
and electrons (I. 3). A few of the holes reaching the base from the emitter recombine with 
the free electrons there, so that fewer holes reach the collector (han enter the base from the 
emitter. Although the number of holes thus eliminated can be cut down considerably by 

very thin base, constructional considerations naturally impose a minimum limit

books on 
found.
As we have seen, then, almost the whole of the emitter current, actually the emitter current 
multiplied by the factor a), is absorbed by the collector. To enable all the holes to be absorbed, 
the collector voltage must be at least 0.3 —0.5 V; provided that it satisfies this condition, 
the collector voltage does not affect the size of the emitter-to-collector hole current very much. 
In effect, then, the collector, like the conventional pentode valve, has a very high internal 
resistance (R»). In transistors, Rj is of the order of 0.25 Mi? to 2 Mi?, so that in principle it is 
possible to employ a high external load resistance in the collector circuit without affecting the 
value of lc appreciably. (In practice, with RC coupling, the resistance should not be taken 
beyond a certain limit, because it is also necessary to take into account the intrinsic leakage 
current of the collector/base diode, which may reduce (he collector voltage unduly).
Because electrons are steadily withdrawn from the emitter, it is able to inject holes into the 
base continuously. The electrons pass into, and through, battery Bj (fig. 8). Accordingly, 
(positive) current passes through the emitter/base diode in the forward direction. The forward 
resistance of this diode is very low — in the region of 10—50 /? — hence a low voltage (that 
supplied by Bj) is sufficient to produce a relatively heavy current. Since the input circuit of 
the transistor is also a diode, the input resistance is not constant, but depends on potential 
Vfcc. This will be evident from, say, the characteristics of the OC 71, in which l& = f (Vfee) is a 
curved line, indicating that input resistance depends on the working point and therefore that the 
input impedance is low. Slight variations in (he voltage between emitter and base produce pro
portional variations in the emitter current. The collector current, being a times the emitter current, 
follows such variations exactly. Hence, substantial voltage variations occur in the high collector 
resistance, without there being any appreciable difference between the collector and emitter 
currents. In essence, then, we have what may be described as "resistance transformation" (as 
implicit in the term "transistor"), whereby voltage amplification is obtained notwithstanding that 
the emitter and collector currents are virtually equal.
Given proper matching of input and output, power amplification of 40 db or more can be procured 
with ordinary-grade transistors.
As junction transistors actually comprise two junction diodes, they are highly sensitive to temper
ature variations. Hence transistorized circuits must include some means of counteracting the 
effects of this temperature dependence (e.g. increased leakage current, displacement of working 
point).

employing a 
of thickness.
Apart from the hole current, what is known as 
presence of free electrons in the base. This portion of the overall emitter current does not 
form part of the actual collector current, but instead is supplied by the base and sustained by 
the emitter battery. Hence the collector current is really slightly smaller than the emitter 
current. The ratio of collector current (ic) to emitter current (ic) is expressed in terms of the

A ic
current amplification factor a, (a = ------- ) which is therefore slightly less than unity. In well-

A ie
made transistors the value of a is roughly 0.95 to 0.99.
Certain special transistors (e.g. point-contact transistors or p-n-p-n transistors) are so designed 
as to make the amplification factor greater than unity. Since it is beyond the scope of this 
book to discuss them in detail, however, those interested should consult the excellent text 

transistors by Shea and Shockley (see bibliography), in which full particulars will be
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the crystal, each contact constituting a separateon

1) Vacuum diode with heated cathode.
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cathode

lead-in

words, the resistance 
reverse direction (contact

a tuned network in the base circuit 
very simple oscillator. Because the frequency-limit of point- 

early junction transistors, they were originally

are more robust.

exhibit a

planation of transistor action, with reference to point-contact diodes and 

be given, 
one

is zero
open).
However, neither germanium, nor thermionic ’) diodes are in fact ideal in this respect. Both 

certain amount of resistance in the forward direction (albeit lower in the crystal 
diode than in the valve), and the reverse resistance, although for all practical purposes infinite 
in thermionic diodes, does not greatly exceed 100 k£? tot 2 M^ in germanium diodes, where,

The transistor (fig. 11) has two whiskers 

diode.
Now, ideal diodes are, in effect, perfect "valves” (or contacts); in other 

in the forward direction (contact closed) and infinite in the

may cause instability. This is turned to account by including 
and so converting the device into a 
contact transistors was higher than that of the 
employed for R.F. applications. Nowadays, however, they have been superseded, for all practical 
purposes, by R.F. junction transistors, e g. types OC 44 and OC 45, which

direction

lymbot

io junctions. In its simplest form, the point-contact transistor is 
very fine whiskers of tungsten resting 
50 microns.
During a process known as forming (involving, amongst other things, passing current pulses 
from whisker to crystal), impurities are introduced into the germanium, whereby what may be 
described as junction zones are formed. Improved methods of manufacturing junction transistors 
have resulted in point-contact transistors taking second place. Nevertheless, they are still used 
for special purposes, amongst other things in circuits involving negative resistance-characteristics. 
The reason is that with point-contact transistors in grounded-base circuits, high external resistance

A much simplified ex|
point-contact transistors, will now
The point-contact diode (fig. 10) has one whisker contact on a germanium crystal, with low 
resistance in the direction from whisker to crystal, and high resistance in the direction from 

crystal to whisker.

a piece of germanium with two 
on it (fig. 9); the space between the two is approximately
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So also with selenium cells. Rising temperature affects barrier resistance, 
is left out of account.

’)
’) To simplify the argument, collector leakage-current Ic0

Rli\le \ |/c 'C]\'R2 L_ii__ 'ddiT

voltage at least equal to the variation in
6 V accumulator. Higher amplification can 

so as 
so high that it

moreover, it is subject to variation owing to external factors. For example, raising the temperature 
of the crystal or exposing it to strong light reduces the reverse resistance considerably 1). Again, 
this resistance can also be decreased by passing an electric current through the crystal, very 
near the whisker. Whereas the first two of these factors are often inconvenient and inadvertent, 
the third is turned to good account in the manufacture of transistors.
Referring to fig. 11-1, if current be passed through the left-hand diode in the forward direction, 
the reverse resistance of the right-hand diode, some microns away, decreases. Now the left
hand whisker is the "emitter”, the right-hand whisker the "collector” and the crystal the "base”. 
In diagrams (hey are indicated by the symbols shown in fig. 11-2.

of the generator (or signal source) in fig. 12b). B, maintains 
function as

the generator impresses on this bias current (not bias voltage) 
to produce a variation of 0.1 V in the potential difference 
current for the moment, or, in other
across R2 will also vary, and the ratio of this variation to the variation of the potential difference 
across Ri will be the same as the ratio of R2 to R] (e.g. if R2 
potential across R2 will be 30 X 0.1 =3 V).
Of course, B2 must then be capable of supplying a 
potential; it should be, say, a 6 V accumulator. Higher amplification can be obtained by 
making R2 larger, provided that the voltage of B2 is likewise increased so as to avoid saturation. 
At the same time, the battery voltage must not be made so high that it causes breakdown 
of the collector-base diode. Furthermore, high -values of R2 are associated with such problems 

as noise, dependence on temperature, and so on.

Referring to fig. 12a, we see that in the first instance emitter current (lr) is produced. This 
reduces the reverse resistance of the collector/base diode, thus producing current lc. As the 
two currents flow in opposite directions in the base, they partly compensate each other. The 
difference, lr-lr, is what is known as the base current, I/, 2).
It is thus seen that we have a current I. passing from + B} through the transistor etc. to —B2, 
to which, on the emitter side, we must add the base current I/, (see fig. 12b). Current le cannot 
equal lc, since if they were equal, the base current required, as we have seen, to reduce the 
reverse resistance of the collector/base diode, would simply not exist. The smaller h (the 
difference between current lc and I,), the larger the current amplification factor a; hence a is 

invariably less than unity.
In well-made transistors, « is between 0.95 and 0.99, or, 1 
current is between 0.95 and 0.99 times the emitter current.
The collector load resistance R2 is several times larger than R, (representing the internal resist
ance of the generator (or signal source) in fig. 12b). B, maintains a steady current, having 
very much the same function as negative grid bias in thermionic tubes. Let us suppose that 

an alternating current such as 
across Rj. Ignoring the base 

ords, assuming that lr = lc, the potential difference



CHAPTER III

III. 1.

case

1.

2.

3.

required.

TRIODE ELECTRON TUBESIII. 2.

where S is the mutual conductance (or slope) of the
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1.
2.
3.
4.
5.

TRANSISTOR CHARACTERISTICS
TRANSISTORS AS COMPARED WITH ELECTRON TUBES

are as follows:

for R.F. purposes are 
used in miniature receivers.
Transistors do not give as much A.F. amplification as

The characteristic currents and voltages of triodes

Grid voltage Vg (between grid and cathode).
Anode voltage Va (between anode and cathode).
Cathode current I/.-.
Grid current lg.
Anode current la.

With the grid maintained negative, lg = 0, and therefore l/k- = la- 
Other characteristic quantities are: 
with Va constant, A la = S . A V^, 
tube, and:

As pointed out at the beginning of the book, transistors bear only a very superficial resemblance 
to electron tubes. Nevertheless, it is useful to compare the properties of the two.
By so doing, the following advantages of transistors are brought to light:
1. They are usually very much smaller than average electron tubes. Hence, transistorized sets 

can be made relatively smaller, provided that the size of the other components can be 
likewise reduced.

2. The absence of a heated cathode means that no energy has to be supplied for cathode 
heating. Furthermore, the electrical properties are such as to enable transistors to be operated 
more efficiently (with larger loads) than electron tubes. By virtue of these properties, the 
overall energy consumption is very much lower, enabling portable transistorized sets to ba 
equipped with smaller and cheaper batteries. They, in turn, permit still smaller sets to be 
produced.
Another associated advantage is that transistors generate only 
and this can be readily disposed of in a manner 
The amount of space and energy that can 
in the case of elaborate equipment such 
tubes, are 
much smaller,

A Va
with V(7 constant, R< = ----------- , where Rj is the internal resistance of the tube.

A la
In triodes, R; varies from a few kilo-ohms to some tens of megohms.
The amplification factor (/*) corresponds to:

A Va
a = R. . S = -------- .

A Vg

electron tubes. The ratio of the gains 
obtainable with electron tubes and with transistors is roughly between 2 to 1 and 3 to 2. 
For a given gain, therefore, more transistors than tubes are

a very small amount of heat, 
consistent with very compact construction, 

be saved in this way is considerable, particularly 
as electronic equipment which, if operated with 

very bulky. Again, the voltages required for transistorized apparatus are very 
so that there is no risk of shock or other personal hazards.

3. Very long life, which is also particularly important in the case of large equipment such as 
computers, which often incorporate thousands of tubes.

4. Not subject to microphony. In fact, the resistance to shock in general is very high, being 
limited only by the fact that glass envelopes are employed for many transistors.

On the other hand, the comparison also reveals the following drawbacks of transistors: 
Properties depend very much on the temperature; hence special measures are necessary to 
prevent this dependence from affecting the circuits, or at any rate to lessen such effects. 
The frequency limit of most of the existing transistors is low. However, low-power transistors 

already beyond the laboratory stage of development; they are being
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emitter current and b the base current. Since lc =

I'
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are carried

= • A Vp

have seen

Although triode amplification can be computed by means of the above formulae, in practice 
it is more often determined from the actual tube characteristics. These graphs indicate the 
relationship between la and Vy, with Va as parameter, or the relationship between la and 
Va, with Vf/ as parameter. The general form of la = f (Vy) family of characteristics, with Va 
constant, is reproduced in fig. 13, and that of the lo = f (Vf/) family, with V,j constant, in fig. 14.

As we have seen in II. 2, the emitter injects holes into the base and extracts electrons from 
the base. Almost all the holes are absorbed by the collector, and the electrons are carried away 
as minority current through the base connection. 
From Kirchoff’s Law:

Ifr = le “ lc,

where lc is the collector current, lc the 
we have:

----------------- Fig. 15

Consequently, not only the holes injected by the emitter, but also the intrinsic holes migrate 
to the collector, thus increasing the overall collector current by an amount Ico- On the other 
hand, this migration cuts down the base current, b, by a similar amount, so that the resultant 
base current is in effect the algebraic sum of two opposed quantities (see fig. 15). The actual 
base current (U), then, is smaller than (1 — «) le by the amount Ico, and the actual collector 
current is larger than « lc by the same amount. Thus: b = (1—«) le — Ico, and lc =» le + Ico-

Therefore: A Va

A Va
Ri = -----------

l& = lc ~ a le = (I “ a) lc-

It should be noted that this does not take the leakage current of the collector/base diode into 
account. As we know, this leakage current is produced by the intrinsic electrons and holes 
liberated by thermal vibration, including those in the barrier layer. The result is that the intrinsic 
electrons pass from collector to base and the intrinsic holes from base to collector. Together, 
then, holes and electrons constitute the leakage current lCo, which, as we have seen (II. 1), 
depends very much on the temperature. Provided that the collector voltage remains above a 
certain critical value, Ico is invariably saturation current, or, in other words, it is independent 
of the voltage and governed exclusively by the temperature.

a le,
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lc = Ic.
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Combining the two formulae, 
the current-amplification factor

a) with grounded base,
b) with grounded emitter,
c) with grounded collector.

—). L <» = Iro . 
a

The collector (anode) is connected to the positive pole, and the emitter (cathode) to the 
negative pole of the battery. The transistor (tube) becomes non-conductive with negative base 
(grid) potential (cut-off voltage), and conductive with positive base (grid) potential (grid-currenl 

range).
By using n-p-n transistors in combination with p-n-p transistors, many interesting circuits, not 
possible with electron tubes, can be obtained.

of opposite 
common base

indicated in brackets, it will be 
rrespond to triode electron-tubes.

of two opposed quantities, i.
base crystal, 

the other

Having three terminals, transistors can, in principle, be connected in three different ways to 

produce amplification. The three basic circuits are:

The characteristic feature is that in each of these circuits one electrode is common to both 
input and output. Since the particular electrode is usually earthed (for alternating current), the 
circuits are classified accordingly. They will now be discussed separately.

we find that the collector current produced depends on l(O and 

«.

Ir = Ic = (-
1

on the ambient temperature and the base

seen that

To sum up, the base current is in effect the algebraic sum 
difference between the emitter and collector currents (owing to recombination in the 
see II. 2) on the one hand, and the leakage current of the collector,base diode on 
hand.
Again referring to fig. 15, we also see what happens when the base connection is cut. This 
produces what is known as a "floating base", whereby the base current is in effect the algebraic 
sum of two equal, but opposite, quantities. Thus: I/, = (1—a) I,. — I,,, = 0.
Also from Kirchoff's Law, in this case:

a) Grounded-base circuit. I(. = f (I,.).
Fig. 15 is the fundamental grounded-base circuit, or "common-base circuit , as it is sometimes 

called. This diagram is shown in another form in fig. 17.

It is thus seen that the collector current depends 
potential varies according to the current.
If the emitter be disconnected, then, only l( <), i.e. the leakage current of the collector/base 
diode will continue to flow. Also, when once l<o and Icq* have been established, " can be 

computed from them.

So far, only p-n-p transistors have been discussed. N-p-n transistors operate in very much 
the same way, the only difference being that all the currents and voltages 
sign. In the basic form (II. 4), n-p-n transistors also comprise two diodes 
crystal, but in this case the directions of bias are reversed, as shown in fig. 16a. Fig. 16b is 

the conventional symbol.
The polarities of the required supply voltages are 
in this respect n-p-n transistors coi

are
on a



have

in the alternating currentoccur

Fig. 17

the grounded-grid amplifier,

the ''common-emitter circuit" (fig. 18).

■o

o

Fig. 18

(D

(2)

«
Therefore:

1a

(3)lc = l/> 4-

is usually indicated by the symbol «', that is, the current-amplification factor
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l/nc = (1 — ft) lew 
lew = « lew.

/e

¥ Output

lc

//> J p* output

*--7, ' \ °

lc + leo

•o 
l/< + Iro

Since leo is constant for 
formulae:

is slightly smaller than unity, 
can be determined

As we are applicable:

It will be seen

This indicates that the current amplification equals «, where ft
Although the internal impedances also do not occur in the formulae, they 
from the graphs. Briefly, the properties of grounded-base circuits are:

low current amplification (ft = 0.92—0.99);
low input impedance, r, in ;he order of 50
high output impedance, r,,' in the order of 500 k£?;
maximum power amplification, about 40 db.

The leakage current of the collector/base diode, which is, of course, .emperature-dependent 
does not pass through the amplifying portion of the transistor. The circuit is therefore quite 
stable so far as temperature changes are concerned.
The equivalent electron tube is what is known as
circuit, in which the input and output signals are in phase.

The factor ------------
1 —ft

in the grounded-emitter circuit:

or grid-base

seen in III. 4, the following formulae 

l/> = (1 — «) lc — ho and 
I,- = a |(, + Ico.

a given temperature, it does not

Iro
1 — ft 1 — «

which indicates that the collector current is a function of the base current.

b) Grounded-emitter circuit (lc = f (I/O- 
This is also referred to as

from the diagram that the emitter current is in effect the sum of the base and 
collector currents. Thus:

lc = l/> 4" lc
Also, from III. 4:

lc = (l lc + Iro
Substituting (2) for lc in (1), we have:

lr = ft (I/? 4" lc) 4- Ico

= « u + «
lc ---- 61 lc — ft l/> 4" lr«
lc (1 — ft) =



a
(4)

a
= 1 + a' (5)

so we

a
being only slightly less than unity, 1 — a is very small and

about 40 to 100 k£?

-o

o

■oo Fig. 19

. b +
1 —a
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• bo-

**-lb

— »•
~^b~

passes through the 
Ico' in the collector

------------ , on the other hand, 
1 —a

can be shown that:

1 —a

1 —a 

have:

(6)

In very much the same way as with the grounded-emitter circuit, it

1 1

Now, a

can be shown that:

can be

lc

(output

lc

+ -------
1 —a1 —a 1 —a

that, substituting (4) and (5) in (3), 

lc = a. b + (a +1) bo-

is very large (as also a' 4- 1).
As compared with a , then, unity itself is small enough to be safely ignored; hence (6) 
simplified slightly, as follows:

lc ~ a • b + a bo»
showing that in grounded-emitter circuits the leakage current \co passes through the amplifying 
portion of the transistor and therefore emerges in the collector circuit amplified.
The amplified leakage current is designated \co‘

bo = (a + 1). bo
Because bo and bo* are 
nating current formulae:

bw = bw + bw and

bw — a • bw
Briefly, the characteristic features of grounded-emitter circuits are:

bw
high current-amplification (a' = --------- = 35 to 70)

bw
relatively high input impedance, r, = between 400 and 2000 Q 
relatively low output impedance, Vq 
maximum power gain about 50 db.

As we have seen, then, the leakage current of the collector/base diode 
amplifying portion of the transistor and therefore emerges, amplified, as 
circuit. Some means of stabilization is therefore necessary to prevent displacement of the 
working point owing to variation of the ambient temperature. Despite this drawback, however, 
earthed emitter circuits are often used because they provide greater gain than the grounded-base 
circuit previously described
The electron tube equivalent in this case is the ordinary cathode base circuit, in which the 
input and output signals are in anti-phase.

c) Grounded-collector circuit, b = f (b)
For circuit diagram, see fig. 19. In grounded-collector circuits the collector current is in effect 
the difference between the emitter and base currents.

b = -------
1 —a

u bo-

both constant at a given temperature, they do not occur in the alter-

---------  = a'
1 — a

thus indicating the ratio of b to b-
By means of a simple manipulation, it

1 1 — a 4- a
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three-electrode systems. They

indication of linear amplifi-

occurs
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1.
2.
3.
4.
5.
6.

virtually all the holes injected 
absorbed by the collector) occurs at a very low collector potential, in the 

a high load-rating, consistent 
known as power transistors, the knee is

on the action of the particular transistor, exist 
are called.

Substituting (a' 4- 1) for ----------- , we have:
1 —a

If = (a* + 1) . lb + ((t + 1) • Ico«
Elimination of unity, negligible as compared with a', produces:

lc « a (l/> 4- Ico)-
With alternating current, lfO is also eliminated; therefore:

lc = (a* 4- 1) . |/>, or, simplified: 
lc « a' . I&.

To sum up, the characteristic features of grounded-collector circuits are:
voltage gain slightly less than unity;

a'
substantial current gain (= —);

a
very high input impedance, r, = > 20 k£? (depending on 
low output impedance, ro = about 1 k£?;
maximum power gain about 16 db.

Leakage current lCo emerges in the emitter amplified.
Equivalent electron tube is the cathode follower. Accordingly, grounded-collector circuits are 
sometimes called "emitter followers”. As in grounded-base circuits, then, the input and output 
signals are in phase.

As we have seen, transistors, like triode electron tubes, are 
operate with the following characteristic currents and voltages: 

base potential V/K. (between base and emitter); 
collector potential V(C (between collector and emitter); 
base/collector potential Vbe (between base and collector); 
emitter current l(>; 
base current lb; 
collector current lc.

Certain relationships, not linear, but depending 
between these “transistor parameters” as they 
Given two of the six parameters wi’.hin the operating range of the transistor, the others can be 
determined from the characteristics. For example, given lb and Vcc, it is possible to compute 
lc, le, be and Vbe from them. In this way, say, lr = f (VCc) can be computed for various 
fixed values of lb, which is then the parameter of the function. This is the most important 
characteristic from the point of view of the practical application of transistors; it resembles the 

characteristic, with V7 as parameter, of electron tubes. Fig. 20a shows the family of 
characteristics obtained by plotting the function lc = f (Vcc), with lb constant, for the circuit 
shown in fig. 18.
It will be seen that they resemble typical pentode electron-tube characteristics (e.g. the \a[Va 
characteristic of the EL 84; see fig. 20b). The straight portions are almost horizontal, indicating 
that the internal resistance (Rj) of the collector is very high, i.e. in the range from 10 kP to 
100 k/?; R( decreases with the collector current.
Again, the lines are spaced quite regularly over a large region, an 
cation covering a considerable portion of the operating range. 
The knee of the characteristic (i.e. saturation point, at which 
by the emitter are 
order of some tens of volts. This indicates that the transistor has 
with high efficiency. In the characteristics of what are 
slightly higher (at approximately 1 V).
It will also be seen from the diagram that a certain amount of collector current, Ico , 
when lb = 0. As explained in section 4, this is produced by lCo-
Now an exponential relationship exists between lCo and the temperature; in germanium tran
sistors, this current doubles itself for every 10° C temperature rise. If the junction temperature 
rises, say, owing to the load, the overall family of characteristics shifts upwards, thus moving
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the working point away from the original operating conditions. It is therefore necessary to 
employ some means of preventing, or at any rate compensating, such temperature variations. 
Another important transistor characteristic is lr = f (I/,), with Vrc constant, representing the 
current amplification associated with a given collector voltage (fig. 21a). This graph is com
parable to the l«/Vy characteristic of electron tubes (see fig. 21b, l«/Vf/ characteristic of
pentode EL 84, where lf/ corresponds to lc and Vy to l/>).
Experience has shown that the amplification falls off at very low, and also towards very high,
values of lf. In modern transistors, maximum current amplification usually occurs in the region
of 1 mA collector current. Transistor manufacturers try to keep the slope as far as possible 
constant. Whereas this may reach 100 in well-made modern transistors, it does not greatly 
exceed 20 in many older types.
The lc = f (l/j) characteristic can f
value of lc corresponding to each value of l& 
(see fig. 22).
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the collector voltage. By plotting the relationship between 
or feedback characteristics as they are called, are obtained

Vct(v0lO 
laz-ts

Further examination of the curves 
can be deduced from the slope 
The amplitude 
with electron tube characteristics (for example, 
for small amplitudes; also for stronger signals, 
enough.

> Varialie 
coUectorstroom

in fig. 22 reveals that the A.C. parameters of the transistor 
of the characteristics.

of the output signal can be read from a load line drawn in the same way as 
see fig. 23). Amplification is generally linear 
provided that the characteristics are straight

Another feature of transistors, which we have not considered so far, is the internal feedback. 
In transistors, all the electrodes are, in effect, coupled by (non-linear) resistances. Any variation 
in one of the quantities (current, voltage) produces greater or smaller variations in the other. 
Another equally important characteristic is that of the input, Vbe = f (Ift), indicating the 
variation of the input current I/, as a function of the input voltage Vbci with the output voltage 
constant (fig. 24a).
As the input circuit of a junction transistor is actually a diode receiving current in the reverse 
direction, the impedance varies according to the current and voltage. Current amplification 
in transistors is linear; to minimize distortion, then, transistors must be operated with a current 
source, or, to put it in another way, the (constant) impedance of the current source must be 
high enough to ensure that, by comparison, the varying impedance of the transistor does not 
greatly affect the total resistance of the control circuit.

It should therefore be borne in mind that non-linearity of the base voltage does not necessarily 
mean non-linearity of the base current also. This is very important in connection with the 
observation of wave forms in oscilloscopes. The oscilloscope should be connected directly across 
a measuring resistor introduced into the circuit on test (i.e. oscilloscope input at the one end, 
and oscilloscope earth at the other end, of the measuring resistor).

The base voltage also depends on 
the two, VbcfVcc characteristics, 

(fig. 24b).



CHAPTER IV

TRANSISTOR AMPLIFIER DESIGN
IV. CIRCUITS WITHOUT STABILIZATION1.

Fig. 25
0.5 MR.

Given 50 Q input impedance and 500 k£? output impedance, the transformation ratio will be:

n

fairly large electro-

1 2*

Rb
Fig. 26

Given 1 V.Q input impedance and 100 k£? output impedance, the transformation ratio will be:
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employed and

Because the direct current required for the base is only a few microamperes, the base resistance 
R^ is very high, enabling a very much smaller decoupling capacitor (one or two /*F) to be 
employed. Hence only one battery is required. As the circuit is not stabilized with respect to 
temperature variations, it can be used only where the temperature is more or less constant.

a) Grounde d-b ase circuit.
Fig. 25 is the circuit diagram. As the input current is for all practical purposes the same as the 
output current, amplification is governed exclusively by the transformation ratios. Matching to 
the input and output impedances of the transistor is necessary to ensure maximum power 
amplification.

I 500,000
I ----------  = 100.

50

A separate battery B] is required to regulate the emitter current. A tapping on the original 
battery, or a voltage divider with the base connected to it, can be used instead, but the divider 
must then have a fairly low D.C. resistance and therefore consumes more energy than is strictly 
necessary.
To enable the direct current to be regulated independently of the (varying) transistor impedance, 
the emitter series resistance must be at least ten times the input impedance of the transistor. 
Failing this, the variation will be amplified and may then cause distortion.
Rr must be decoupled with respect to alternating current by means of a 
lytic capacitor (Cc, at least 100 /<F).
Temperature stabilization is not necessary in this circuit.

b) Grounde d-e mitter circuit (without stabilization).
Fig. 26 shows the circuit in its simplest form. As in a), transformer coupling is 
matching is necessary to ensure maximum power gain.
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As we have

(3)

a' + 1
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4;

working 
the collector current, Rb should be from

In practice a 
zero as soon as

/no k
Vj

1-
/c

I lou/pu/
Vu 

V'c’ ?

Let the input voltage (V;) equal the sum

or the

variation A lc • Rc — A Vo, 
resistor.

*c

Output

c) Grounde d-c ollector circuit.

In grounded-collector circuits, or emitter followers as they are also called (fig. 28), the transistor 
is employed as an impedance transformer. The input impedance (Zj) is computed in the following 

manner:

compromise is necessary; if Rr is too high, the A.C. collector voltage drops to 
the (smaller) load impedance is connected. Allhough such voltage suppression 

is not serious in itself, since transistors are in any case current-operated (see II. 6), it involves 
a risk that, owing to lCo, the transistor will cease to function.
On the other hand, if Rc is too low, there will not be sufficient gain.
Practical values of Rc range from 5 to 10 k£?. The base current (and therefore also the 
point) is regulated by means of Rfr. Depending on 
1 MP to 150 kP.
Because the circuit is not stabilized, it should be used only where the temperature is more or 
less constant. Although there are exceptions to this rule for sets operating with only very 
small amplitudes, the apparatus should not be exposed to the direct rays of the sun, 
transistor may nevertheless cease to function.
Apart from these exceptions, then, D.C. stabilization, or in essence D.C. feedback, is essential. 
Apart from its stabilizing effect, D.C. feedback tends to compensate for the spread of charac
teristics of individual transistors (see IV, 2), in much the same way as individual cathode resist
ances compensate for the spread of tubes in push-pull amplifiers, one of the stages being 
dispensed with in order to offset the difference between characteristics and thus ensure a 
symmetrical output signal.

RC-coupling can be used instead of transformer coupling (fig. 27). Usually, input and output 
matching is not possible in circuits thus coupled, and it is certainly out of the question in 
cascade circuits. The variation of collector current (A lc) in resistor Rc produces a voltage 

a factor a times the variation of the input current (A l&), in this

of the voltage drop (Vr) across the emitter resistance 
and the voltage drop (Vbe) across the internal resistance (Rj) of the emitter/base diode:

Vi = Vc + V be — Vc + l& R<- (1)

seen, the emitter current is:

lc = (ar 4- 1) l& + (a' + 1) Ico, (2)
enabling the base current (li?) to be expressed in terms of I?:

|c lc — (a* + 1) Ico
U =------------- Ico =

a' + 1



(Z,) corresponds to:

(4)

obtain:so

Zi — V, (5)

(a' + 1) V,
(6)= Re

Ve— («' + 1)Re Ico

(7)

(az + D . V,-
(8)

be eliminated.

Z ~ Rr (9)

input

factor of «*.

IV. 2.

A lc («') A n

a
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in (4), we

«z 4- 1

Z, = V, ----------------------------------------
Ve/Re — («' + 1)lco 

have:

Since l/> and R, are

we find that:

impedance, by approximation:

Z; « Rc (a' 4- 1) Rc . (10)

From the point of view of the input, then, emitter resistance Re is multiplied by a

lc — (« 4-1) Ico
V,.

The emitter current is then L = ---------, and by substituting this in (5),

Re 
«' 4- 1

a factor A Ico owing to temperature variations, and by

we have:With a

In grounded emitter circuits:

lc — a • lb 4- a . Ico«

1 - («' 4- 1) Ico . Re/V;

R-
Assuming that Ico >$ also small, (a 4- 1) ■ Ico --------- can also be eliminated, making the

V,

The input impedance

Vi

Zi = —,
lb

that, by substituting (3)

a factor of A «' different 
as follows:

E
In the circuit shown in fig. 27, lb = ---------, so that here the direct collector current lr is:

Rb

_ p ____________________________________

(V, —Vbr) —(«' + 1). Ico- Re 

both small, V, is usually Vbci hence V/,r can

«' 4- 1

E
lr = « .--------- + a , |c0.

Rb

variation of A Ico in Ico owing to temperature variations,

A lc (t) = «' . A Ico.
If the transistor in the circuit be replaced by another whose «z is 

owing to manufacturing tolerances, the collector current will vary 

(v+'-I
It will be seen, then, that lr varies by

factor A owing to spread in the transistors.
As A az may be as much as a factor of 2, considerable variations in gain may occur, which 
in some cases are not acceptable. However, such variations usually do not matter very much to 

amateurs.

From formula (1) we 

Vc = V; — Vbc 

so that formula (6) becomes:



simple matter. When

= M.Q.
."A

The actual method is

from E/, (for con-amplification it is necessary to shift the working point an amount
2

venience, ltt/ X R not taken into account).

(mA)'c

<C 'br(*jA)

(void0

Fig. 29

E —lrRc
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Vrr
R/, = ---------

\b

so that to ensure linear 

E& — VA

the self-biasing method of connecting the base series resistance to the 
a simple solution. The base resistance R& then

risk that the temperature will rise owing to the increase in dissipation, thereby pro
increase in lco« 
a transistor amplifier according to the circuit in fig. 27 is a

the working point is chosen — depending, in practice, upon the maximum permissible, 
available, supply voltage and the load impedance — the required base current

Next, draw a vertical line from this working point through the load line, and read the required 
quiescent base current from the point of intersection. With regard to the maximum voltage 
permissible between emitter and collector, it should be borne in mind that: WITH TRANSFORM
ER COUPLING, A POTENTIAL DIFFERENCE EQUAL TO TWICE THE BATTERY VOLTAGE 
MAY OCCUR ACROSS THE TRANSISTOR, OWING TO SELF-INDUCTANCE.
With Vcc mas. = 25 V, then, the battery voltage should not exceed 12.5 V. This applies 

especially to output transistors.
On the other hand, the simple circuit referred to cannot be employed in, say, pre-amplifiers 
and others operating with small collector current. Here, temperature stabilization is indispensable. 

What is known as L._
collector, as illustrated in fig. 30, provides

corresponds to:

Temperature variations of 25 to 45 °C may cause !<•„ and lr</ to vary by factors of from 5 to 8, 
but this is not serious, provided that the peak value of \c<>' is only a fraction of the overall 
collector current lr. At 25 °C the L-o of, say, the OC 71 is roughly 8 /(A, and the associated 

is in the region of 150 "A; the values vary, however, as between individual transistors.
Provided that I, is considerably greater than the peak |r</ (8 x 150 /'A), then, the variation 
of lro does not affect matters very much. To provide sufficient |r, a relatively heavy current is 
required in the base (l/>), to that this also "swamps” the leakage current |ro, thus minimizing 
the relative variations in I/, due to fluctuations in the ambient temperature. On the other hand, 
there is a 
ducing an 
Designing 
once 
or available, supply voltage and the load impedance — the required base current can be read 
direct from the static characteristics. The base resistance can then be computed in accordance

E V
with Ohm’s Law: R/, = ---------, bearing in mind that:

I/, 

as follows:
Having established (he collector (load) resistance Rf and the battery voltage E&, draw the load 
line R, in the diagram (see fig. 29), as in the case of tube characteristics (with lc = 0, then, 

E/,
Vrc = 0, le------ ).

Rr

With heavier collector current, the knee voltage V/,- is roughly 0.5 V,
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lower Rb would be

•) From this point of view the circuit is then for all practical purposes in grounded base.
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Output

r-WV
Rb

characteristics. The A C. feedback can 
decoupling at the mid-point (fig. 31).

Thevenin’s theory, the voltage divider is in effect 
Rs

The arrangement illustrated in fig. 32, also requiring only one 

Rb and R$ constitute a

In addition to lb, the current lc = «' (lb + lco) also decreases It will be evident that in this 
way the original increase in the collector current is compensated by feedback affecting not only 
the direct, but also (he alternating current and thus reducing the overall amplification (to 
roughly 25 db). This feedback also compensates to some extent for variation between individual 

be eliminated by dividing Rb into two sections and

E.M.F. is ------------------ X E).
R/j + Rs

Provided R<- is high

iJ^Rc

a voltage source with Rj =

compared with the internal resistance of the emitter, and that the overall 
resistance in the base circuit is not too high, the emitter current will be fairly constant. Again, 
in junction transistors, the collector current (within the operating range) is for all practical 
purposes independent of the collector voltage (pentode characteristic). Whereas the circuit in 
fig. 27 satisfies the second of the two conditions, it has one or two unsatisfactory features from 
the point of view of the first condition. Because the base current is small, Rb is very high 
Hence a separate battery supplying the base with lower voltage and thus enabling the same 
base current to be obtained with a lower Rb would be an improvement. Because extra batteries

The stabilizing effect can be explained as follows: Suppose that the collector current lc tends 
to increase owing to a rise in ambient temperature (or to the transistor replaced by another 
having a higher let/); the voltage drop lc . Rc then increases, thus cutting down the collector

IcRc
voltage Vce = E — IcRc, and therefore also the base current If, = E--------------- .

R&

-Ip

battery, is more effective, however, 
voltage divider, the current in R/? being lb + ls. Greater stability is 

obtained by increasing the current-consumption slightly *). Because the base-current is supplied 
by a source with relatively low internal resistance, the base potential is more constant (from 

Rb . R« 
------------------ , whose 
Rb + Rs
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It = (D
Rd Rs

(2)

I co
Rd . Rs

lc = (3)

1 4- Re
Rd . Rs

(4)

R v + Re
S = (5)

+ Re
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1
(1 a) -f- Re ---------

Rv

J

die

s =----
<5lco

1
1 4- Re • ---------

Ro

a voltage divider (Rd 4- Rs in fig. 32); 
the other hand the power consumption

d — a) Re

fib /c|

a le 4- Ico 

we find that:

a grounded-base circuit

a —
Rd

negligible compared with le Re (although this is not strictly 
on temperature governs stability, the more so with class B

------------------VB - le Rc
Rd 4- Rs

Rd 4- Rs
1 4- Re -----------------

With the addition of the voltage divider the circuit becomes, in effect, 
and therefore less sensitive to temperature variations.
With the above-mentioned conditions satisfied, then:

Rs

are usually inconvenient, however, it is better to provide 
the extra battery can then be dispensed with, although on 
increases by a few milliwatts.

Rd 4- Rs
(1 — a) 4- Rc ------------------

Rd • Rs

Differentiation of lc with respect to lCo produces a stability factor S, defining the amplified version 
of the collector/base diode leakage-current lCo appearing in the overall collector current lc:

Rd 4- Rs

Rd 4- Rs
(1 — a) 4- Rc -------------

Rd • Rs

Rd • Rs
Converting formula (4) and substituting ------------------ = Ry for the parallel circuit, we have:

Rd 4- Rs

Rd 4- Rs

on the assumption that Vde is 
permissible, since dependence 
output stages). Also:

lc = le Id =
Resolving these equations,

E

4-



a

s (6)
1

2 + 2 a2 R,
S = (7)

2 4- «'1
R,.

«'
(8)

Rr

R., =
[ 1 — S (1 — a) ] (lr — |ro)

R/, =
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lr Ico

S — 1

I 
/

a (E — Vr — Rr . Ir)

E (S — 1)

1
— — (lr — S . Ico)

E

lc ---- S . Ico

compared with the condition without stabilization, 
as regards alternating current:

fi I/>jc,

----------- R, + R.
1 4- «'

Assuming that Rr = R,-:

roughly y/3 R<-, and S is from 6 to 25.
From the above equations, given a, E, Vc, lc, lCo and R,: 

a (E — Vc — lc . Rr)

we find that:

a variation A Ico pro-

E
and given «, E, Ico, Rr, R/>, Rs and Rr: lc = — (S — 1) 4- S Ico 

R/,

{ —+ 1
I 1 4- «'

Substituting (5) and (7) in (3) and developing the equation,
E

lc = (S 1) 4- S . Ico
R/,

E

occur in base voltage dividers in 
reason, a slightly higher S (roughly 8) is 
cases adequate stabilization to be obtained

Again, since a' = ----------- , a can be expressed in terms of a',
1 — «

so that formula (5) becomes:

R 4" Rr

2 + 2 a' 
4" • lro»

R/, 2 4- «' 2 4- «'
With <' high, formula (8) becomes, by approximation: 

E 
lc 4" 2 lro«

R/,
Il will now be seen that the variation in the collector current, owing to 
duced in Ico by change in temperature, is only:

A lr (0 = 2 A Ico, 
an improvement of «'/2 as 
Again, it can be shown, 

lc,r ~ 
indicating that this method of stabilization does not affect amplification. 
On the other hand, a certain loss of amplification does 
grounded-emitter circuits (base injection). For this 
employed in such circuits, enabling what is in most 
at the sacrifice of only 3 or 4 db.
In circuits not of the grounded-emitter type, S = 2 is chosen as in the above case, where 
Rr = Rr = Rr. At the same time, almost half the D.C. power supplied to the collector is then 
dissipated in R(>.
Usually, R< is



S — 1
vf = E — Ico + S . Rr.

TABLE 1

STANDARD STABILIZED CIRCUITS FOR TRANSISTOR TYPE OC 71

Nr.Method of coupling Application

RC-coupling

Transformer coupling

V/{ — leR,.muj-
The collector impedance is Z, =

now

OUTPUT AMPLIFIERSIV. 3.

output amplifier is to produce
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a
of these formulae.

weak
weak

signals 
signals

10
11

5
6
7
8
9

6,0
6,0

1000
1800
1000
1800

1000
1000
470
470
470

1000
2200

Re
(<?)

2,2
2,2

18
15
33
82

0,56
0,56

I
I

0,2*
0.2*
0,2*
0,2*
0,3*

0,2*
0,2*

3,3
3,3
3,3
5,6

0,5
0,4
0,5
0,4

1
2
3
4

V/, 
(volt)

4,5
4,5
6.0
6.0

1.5
3.0
4,5
6,0
6,0

3,3
2,7
6,8
4.7
18

0,5
0,5
3,0
3,0
2,6

0,45
1.0

4.7
10
10
12
39

2,7
10
3.9
15

Ri, 
(k-Q)

Rs
(k-Q)

ir nom.
(mA)

f Re (S —1) 
I

Rr 
(k<?)

* D C. resistance of transformer primary.

Vce

signals 
signals 

stronger signals 
stronger signals 
stronger signals

weak
weak
stronger signals
stronger signals

R/>

The data for any amplifier can

( — + R. ) I
\ Rr J

be computed by means

Transformer coupling with 
common divider R/,/R.s 

(max. 3 stages)

As the formulae are

amplifiers may be divided into two groups:
a) single-stage;
b) push-pull.

weak signals
stronger signals

The prime object of an output amplifier is to produce as much output power as possible. 
Maximum power gain is obtained with the input and output impedances matched and the 
amplifier fully loaded. At the same time, of course, the maximum limit of collector dissipation 
must not be exceeded, since this dissipation affects transistors more than electron tubes.
It sometimes happens that maximum output power is obtained with less than maximum power 

gain.
Output

lc Ic max
rather complex and take time to work out, however, it is simpler to employ 

the values specified in Table I.
Another method of approximation suitable for circuits other than those discussed so far will 

be described; it should be borne in mind, however, that this method ONLY HOLDS 
GOOD FOR EXPERIMENTAL CIRCUITS, which, although requiring 

nevertheless not unduly critical.
a nominal collector current. Next,

a certain amount of

stabilization, are
The first step is to choose a nominal collector current. Next, a value of Rr is selected, which
ensures that the voltage drop I.Rr is between ’/a and ’/« of the battery voltage (see fig. 32),

and Rs is made approximately 10 X Rr.
The final value of resistance R, is then determined experimentally by increasing it gradually
from the value of R.< until the milliammeter in the collector circuit indicates the required
current. The greater the voltage drop in Rr and the smaller the ratio Rx/Rc, the better the 
stabilization. At the same time, this system involves the loss of much of the available battery 
voltage and of the impressed A.C. input power.
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k 
(mA)

as from 25

Vcemai

e r s

the maximum limit of collector dissipation, associated with

As we have with transformer coupling, 12.5 V from the battery produces 2 X 12.5 V = 
25 V A.C. between collector and emitter, owing to the self-inductance of the transformer. With 
transformer coupling, then, the D.C. voltage loss in the transformer primary is only small; 
hence Vcc = Ebatt., and Ebatt. should not be more than half the maximum voltage permissible 
between collector and emitter. To return to the characteristic, from point Vce = Ebatt. we 
erect a vertical line cutting the dissipation line Wc, draw another line from the point of 
intersection to point 2 Vce = VCc mar, and extend it to cut the lc co-ordinate. The required 
collector impedance Zc can then be computed by means of the formula:

▼ ce max Vce

a) S i n g I e-s tage output amplifi

With transistor output amplifiers 
high output power, is a problem.
The ‘'heaviest” transistor at present made is the OC 16, whose output power in class A is of 
the order of 4 W.
In smaller transistors, say, the OC 70, 71 and 72, maximum collector dissipation is 100 mW. 
However, this falls by 2 mW per °C rise in temperature as from 25 °C. Hence it is necessary 
to cool the transistors effectively.
Transistors to operate at relatively high power levels 
screwed to a heat-conducting chassis.
Referring to the \clVCe characteristic, we see that by joining all the lc and VCc points whose 
product indicates the maximum permissible collector dissipation, we produce a hyperbola 
(Wc max)- The load line may then be drawn anywhere below this dissipation line. Whether we 
should draw a tangent to Wc wjaz from point VCc max or from point I, mar (maximum permissible 
collector current) depends entirely on the permissible collector voltage.

(fig. 33 and fig. 34).

lc lc max

It will be seen from the diagram that the working point (A) is then at the centre of load line 
Zc (at any rate, without taking the knee voltage and Ico* into account). The output power (Wo) 
to Zc under full-load conditions is lc . Vce- The power supplied by the battery is: W& = 
lc • VCe max = lc • 2 VCe (half of this is supplied indirectly by the magnetic energy stored in 

the transformer core).
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Distorted output signa!
Fig. 38

33

TR2

Fig. 3771
V = - = 78 %•

4

employing two transistors in push-pull. Like 
or class B.

Wc

In reality, however, the efficiency is slightly lower, firstly because transistors cannot be operated 
with 100 % load owing to the knee voltage and lCo', and secondly because a certain amount of 
power is invariably wasted in the output transformer and in possible base resistances. Never
theless, transistors attain very close to theoretical efficiency.

advantages are 
of even harmonics. Because conditions for the individual transistors are 
output stages, however, the efficiency is still only 50 %.

Wo 
Accordingly, the efficiency of the system is --------- . 100 % = 50 %.

W6

of stabilized output amplifiers. Note that emitter resistance R<? 
large capacitor. The capacitance varies from 100—1000 A*F,

Fig. 35 illustrates the principle 
is decoupled by means of a 
depending on the direct emitter current.

b) Pus h-p ull output amplifiers

Very much more output power can be obtained by 
electron tubes, they can be operated in class A, class AB
In class A the total output power is twice that obtained with single-stage amplifiers. Other 

compensation of the D.C. magnetization of the output transformer and elimination 
the same as in single

For portable sets etc., it is best to operate both output transistors in class B (fig. 36). This 
ensures very low no-signal current and very high efficiency at full load. Biasing takes place 
with very weak collector current, theoretically lc == Ico. and !/> = 0 (point Q in fig. 29). In 
theory, at any rate, the output power per transistor, fully loaded, is:

Wo = V4 E lc inax, (1) 

and the collector dissipation per transistor: 

1 1
(—--------- ) E lc max-

71 4

The power supplied by the battery 

1 
Wfo = E . lc max, 

71 

making the efficiency:



= 4.87 A.

Zc =

9 watts.max

.6.3 = roughly 1.5 W (per transistor).

= 2.44 A,
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lc max
1 1

(------------) • 6
71 4

Wc

1 1
(---------------) . 12

71 4

that is, below the prescribed limit.

Ic max

1 I

A drawback of class B operation is that it necessitates a tapped output transformer, i.e., in effect, 
a transformer with two primary windings, which cannot be accommodated in a small space.
On the other hand, it eliminates D.C. magnetization of the transformer core, although in any 
case this does not affect class B output stages very much because the steady current is very 
small.
It is a moot point whether a centre tapping should be provided on the speech coil, as this is not 
easily accomplished. The output transformer can be simplified considerably, and in some cases 
dispensed with altogether, by employing what is known as a single-ended push-pull circuit. 
Because transistors operate with low voltage and comparatively heavy current, it is possible, 
with suitable transistors (e.g. power transistors type OC 16), to incorporate the normal speech
coil impedance in the collector circuit. Fig. 37 shows how this is done.
Resistors R, and R2, with the D.C. resistance of windings S2 and S3 of the driver transformer, 
constitute voltage dividers imparting a slight negative bias to the bases. The reason for this 
arrangement is that transistors for class B operation are not reliable at l& = 0, since this is 
associated with distortion of the output signal owing to non-linearity or the input characteristic 
(see fig. 38).
By virtue of the very low voltages in the circuit, this arrangement is very much simpler in many 
respects (insulation etc.) than it would be if equipped with electron tubes. The emitter of the 
top transistor (cathode in electron tubes) carries the full A.C. output voltage with respect to 
earth. With tubes, however, this invariably affects the heater supply. Although the two separate 
secondary windings on the driver transformer are a drawback, they can be avoided by arranging 
the circuit in a slightly different way.
Another drawback, common to all single-ended push-pull circuits, is that they require either two 
identical batteries, B, and B?, or one battery with a centre-tapping.
It should be borne in mind when designing class B output stages that the battery voltage should 
be consistent with optimum output power. This will be seen from the following calculation.
Suppose that two power transistors, both limited, say, to 2 W collector dissipation, roughly 
3 amp. peak collector-current and 24 V collector potential, 
manner indicated in fig. 37. Given 
the peak collector current (lc max), as

Wc

are connected in push-pull, in the 
a 12 V accumulator with centre-tapping (i.e. 2x6 V), 
computed by means of formula (2), will be:

2

E ■ Ic max

1 1
(---------------) . E

71 4
According to the latest provisional data, however, the collector current should not be very much 
more than 3 A.; hence the transistors should not be loaded to maximum dissipation, or they will 
cease to function at peak current.
In this case the matching impedance should be:

E 6
----------- = — = 2 Q.
Ic max 3

The maximum output power of the push-pull circuit is then:

1 1
Wo tot — 2 X — E . Ic max — 2 . — .6.3

4 4

Accordingly, the collector dissipation is:

I n 4
On the other hand, given 2 X 12 V from the battery the peak current with the transistors 
loaded to maximum dissipation, will be:

2
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12
roughly 5

2.44

roughly 14 W.
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which is normal for speech coils.
The associated maximum output power is:

1
Wo tot = 2 . — . 12 . 2.44

4

matching impedance is then:

Zc

So much for the theory.
In practice, however, the power level is very much lower, partly because the transistors cannot 
be operated wi'.h 100 % load and partly because of the rise in temperature caused by dissipation. 
With high power output, then, stabilization is essential.
Clearly, the most economical method is to employ NTC-resistors in the base circuit. Also, it 
is very difficult to maintain stable operating conditions at all temperatures from, say, 0° to 50° C. 
Displacement of the working point may cause the transistors to be destroyed. Another drawback 
is that NTC resistors are rather expensive.
In this connection, what is known as the stability limit of transistors should be mentioned.
As explained in section 11.2, germanium transistors are temperature-dependent. Almost all the 
transistor parameters affected by the temperature (lCo. a, Vbc) tend to increase the collector 
current as the junction temperature rises. It is therefore important to provide an outlet (metal 
housing, vanes, etc.) for as much as possible of the heat generated by dissipation at the collector
base junction. If the outlet is inadequate, or if the ambient temperature rises unduly, the working 
point shifts.
This affects class B amplifiers most of all, because they are loaded to the maximum limit of 
dissipation. Owing to the displacement of the working point, the original class-B setting changes 
to class A, at which still greater dissipation takes place. The result is a further rise in the 
junction temperature, producing another change in the operating conditions, which raises the 
temperature still further, and so on until the transistor finally burns out, or “runs away" as it 
is called.



CHAPTER V

PROPERTIES AND CONSTRUCTION
FREQUENCY LIMIT AND TRANSISTOR NOISEV. 1.

of deflection would be
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d-----
Emitter

capacitance, which depends mainly 
nation). The resistance in parallel, R^',

Base
o------AYvWV

* Rbb'

the base thickness and the emitter current (recombi- 
, represents losses due to leakage current etc. It will 

the higher the frequency limit and the greater the

are high. Fig. 39 is (he equivalent circuit 
a junction transistor with grounded emitter.

of two holes being in 
decreases as
Transistors are therefore restricted to a certain frequency limit, namely, the frequency at which 
power amplification falls by 3db (to roughly 0.71 of the input voltage).
The frequency limit can be raised, and the phase difference (hereby reduced, by employing 
suitable materials and shapes. Germanium of low conductivity is employed to reduce recombi
nation. Again, the base layer should be as thin as possible, although it must not be too (hin 
in view of the difficulty of manufacture and the possibility that the current density near the 
base connection will increase unduly, thus raising the base resistance. Moreover, if (he base 
is very (hin, the internal capacitances of the transistor 
of the input of

As explained in section II. 2, the emitter of a p-n-p junction transistor injects holes into the 
base crystal owing to the fact that (he applied voltage ejects electrons from their bonds in the 
base. The holes, attracted by the negative field of the collector, drift towards (he collector. 
On the way, however, they encounter free electrons, which may deflect them or eliminate 
them altogether (by recombination). When the concentration of electrons and holes is not very 
high, their mutual action is not considerable. With high concentrations, however, there is more 
probability of recombination, so that not all the holes produced are able to reach the collector. 
What is known as the average life of the charge carriers is evaluated accordingly.
Again, the field between emitter and base retards the holes, so that it is only their initial 
velocity that enables them to pass through the field to the base. The result is that the holes 
have lost much of their initial velocity by the time they enter the base, and are therefore all 
the more readily deflected by the free electrons. Re-acceleration takes place only when the 
holes reach the field near the junction of base and collector; hence their path through the base 
crystal is rather tortuous. If all the charge carriers travelled the same distance, the only effect 

a phase difference between the input and output signals. As it is, 
however, the distance is purely a matter of chance and therefore varies for individual carriers;
hence the difference in transit time may be such that one hole reaches the collector half a
period before the next. It will be evident that the two then contribute nothing to the overall
amplification. The result is a decrease in the amplitude of the output current. The probability

anti-phase is greater at high frequencies, which means that the gain 
the frequency increases.

therefore restricted to

In this diagram R^&' represents the non-reactive resistance of the base material and C//e the 

on I 

e, 
be evident that the lower R&&' and Qb e> 
proportion of Vw contributing to the amplification.
Transistors with frequency limits up to 600 Mc/s in grounded-base circuits are already obtainable. 
Another peculiar effect associated with the transit time in the base crystal is what is known 
as "hole storage", occurring as a result of high current density in transistors employed as 
switches (see V. 2).
With the transistor controlled by means of a square-wave voltage applied to the base, output 
voltage cut-off lags slightly (roughly one or two microseconds) behind control voltage cut-off. 
The result is that the square-wave pulse is wider at the output than at the input. Special 
methods of switching enable this effect to be reduced, however.
Noise in transistors differs from the ordinary kinds of noise, i.e. thermal, shot, and so 
The noise power produced in transistors varies in such a way as to be for all practical purposes



V. TRANSISTORS AS SWITCHES2.

the «z of the transistor is 25, the base current will be
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Fig. 41. Photo-transistor 
OCP 71 as photo-electric 
relay.

OCP71

Sens Hive zone

C BE

lcsO.5mA

The OC 76 is e: 
resistance, consistent with low Vbc (

Fig. 42. Stabilised circuit 
for modulated light.

inversely proportional to the frequency. In effect, then, every "octave” of the overall frequency 
range includes more or less the same amount of noise power.
This noise may be defined as the ratio of the total noise power at the input (neglecting noise 
produced by the load impedance) to that portion of the thermal noise present at the output 
which is produced by the generator resistance (Ry) at the input.
Usual values, as measured at 1000 c/s, are 40—60 db for point-contact, and 10—15 db for 
junction transistors.
Transistor noise depends on the working point. Whereas noise produced by the emitter is 
mainly independent of the collector voltage Vce, collector noise depends very much on this 
voltage. To reduce noise as much as possible, transistors generally should be operated with low 
collector voltage, i.e. of the order of 1 V.

Junction transistors have what are for all practical purposes ideal pentode characteristics. In 
other words, they can be operated with very low collector voltages. This is a useful feature 
of transistors employed as switches, as will now be explained.
With the collector resis'ance constant, increasing the base current causes the collector voltage 
to fall to some tenths of a volt as soon as the bend in the lr/Vc characteristic is passed. Hence 
the transistors can carry heavy collector current without exceeding the maximum limit of 
collector dissipation. With, say, 0.15 V and 200 mA in the collector, collector dissipation is only 
0.15 X 200 = 30 mW. The transistor is then equivalent to a resistor of only 3
At the same time, the overall collector dissipation is augmented by the dissipation of the 
emitter/base diode, particularly when the current is heavy.
Supposing that in the present example

lc

As we saw in section II. 2, the current through p-n junctions depends very much on the 
amount of light falling on them. For this reason normal transistors, and the majority of modern 
diodes, are sealed into capsules which exclude light for example by means of a coating of 
black lacquer on a glass envelope or a metal cap.
This light sensitivity is, however, turned to good purpose in photo-diodes and photo-transistors 
(fig. 40). Photo-transistors also amplify the current produced by light.

200
-------  = 8 mA (approx.).

25
From the \blVbc characteristic of, say, the OC 76, the required base/emitter potential is found 
to be roughly 1.5 V. In this case, then, the base dissipation is 1.5 X 8 = 12 mW. With 
heavier current it may happen that the base dissipation exceeds the collector dissipation.
This point should be kept in mind when designing transistorized switching circuits.

specially suitable for switching applications by virtue of its very low input 
h X Rb'b) and therefore also low base dissipation.
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•) Not strictly correct, but full explanation is beyond the scope of this book.
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made of exceptionally pure materials, to 
added. The proportion of impurities introduced

as 
far

MR
liquid

were present in 
melting.

A disadvantag 
with ordinary transistors, therefore, stabilizing circuits 
as possible.

As explained at the beginning, semi-conductors are 
which controlled amounts of certain impurities are 
into germanium as employed for transistors is of the order of 10‘5 to 10*8 %.
To enable the amount of impurity added to be accurately controlled, the original germanium 
must first be made as pure as possible.
First, germanium obtained from the mineral germanite, or as a by-product of zinc manufacture, 
is purified by chemical means (i.e. by converting it into germanium tetrachloride, distilling this 
several times and then converting the distillate into germanium dioxide by hydrolysis).
Next, the dioxide is reduced in hydrogen to germanium powder, which is melted at approxi
mately 950° C and cast into a rod. At this stage the germanium is already so pure that ordinary 
methods of chemical analysis do not reveal any trace of impurity in it. Nevertheless, it is not 
pure enough to be used in the manufacture of transistors. Further purification is carried out 
by other, less conventional, methods.
When molten metal sets, it invariably crystallizes with fewer impurities than 
the original melt *). Advantage is taken of this in the process known as zone

Fig. 43a illustrates the principle of the process as applied to germanium. The germanium rod 
is placed in a graphite boat travelling on rails through a quartz tube, which contains inert gas. 
Round the tube are a number of coils carrying heavy alternating current at radio frequency. 
The result is that portions of the germanium are melted by eddy current induced in them by 

the coils.
As the boat travels slowly to the right, the molten zones shift gradually to the left, thereby 
crystallizing purer and purer germanium at the right-hand sides of the zones and increasing 
the impurity concentration in the left-hand portion of the melt (fig. 43b).

as far as the infra-red, e.g.

It was shown in III. 4, that with the base of the transistor "floating”, an amplified leakage current 
*co' — n \co is produced. Since Icq depends partly on the amount of incident light, photo

transistors, operated with floating base for switching applications, amplify the initial photo-electric 
current. The region most sensitive to light is close to the emitter/base junction. Because the 
transistor capsule is filled with a substance resembling vaseline, which diffuses light, the sensi
tivity is not noticeably directional. In the case of type OCP 71, maximum current is obtained 
with the controlling luminous flux falling at right angles to the connecting wires, on the side 
of which the type number is printed. Roughly 30 % of the optimum sensitivity is attained with 
light falling vertically on the end, and roughly 50 % with light falling on the side, of the 
transistor.
The operating range of the OCP 71 covers the visible spectrum 
the radiation from an Infraphil lamp, or the glow of a cigarette. 

ie of this transistor is that it is also highly sensitive to temperature variations; 
are employed to compensate this as
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formed by applying aAlloy junctions are formed by applying a single pellet of metal to each side of a germanium 
plate and heating them until they dissolve the germanium.
The manufacture of, say, p-n-p transistors begins with a 
thick, welded to a metal support.
The first step is to clean the germanium carefully. Single drops of indium 
each side of the plate, and this is heated at a 
indium [indium melts at 155 
until saturated (amalgamation). The art is to leave a very thin layer of n-germanium unaffected. 
As the plate cools, most of the dissolved germanium separates again (segregation) just where 
it is needed, that is, next to the unaffected n-germanium. The layers of separated germanium 
still contain a certain amount of indium, in other words (hey consist of p-germanium.
Usually, the heating is carried out in stages, to enable the thickness of the residual n-layer to 
be controlled. The thinner the layer, the greater the amplifying power of the transistor. As 
the emitter is slightly smaller than the collector, the latter for all practical purposes encloses it. 
Pig. 44 shows a cross section of an alloy-junction p-n-p transistor. Grown junction transistors are 
produced as follows.

are then applied to 
temperature just above the melting point of 

C; germanium at 958° C]. The molten indium dissolves germanium

This has what may be described as a "sweeping” effect, in that the purity of the right-hand 
portion increases with repeated sweeping until all the impurities are 
left-hand portion of the rod. This is then cut off.
A very accurately computed amount of a given impurity is now introduced into the germanium, 
to convert it into either p-type or n-type germanium, depending on the nature of the impurity. 
What happens after this determines whether the final product will be an "alloy junction”, or a 
"grown junction", transistor, and whether the composition will be p-n-p or n-p-n.
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