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PREFACE

The object of this paper is to present the derivation of some
transistor equivalent circuits and to show how the constants of one
of these circuits may be eveluated, The laboratory work and a large
Part of the research to writing this thesis was done at the labora-
tories of the Advanced Development Group, RCA Victor Division,
Camden, New Jersey, during the 1949 winter term, The writer wishes
t0o express his thanks to those officials of RCA Victor Division and
more particularly to Mr, Harold Knapp, Mr, S W, Coehran, Mr, Tom
Eaton and to Mr, E, Eberhard who made it possible for him tq work
with this group, He desires to express his sinceres appreciatiom to

Mr, Eberhard for his kind assistance and technical advice,
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CHAPTER I

INTRODUCT ION

The transistor is a three-electrode semiconductor amplifier that
is a practical result of fundamental research on semiconductors
(Bardeen,2), Even though this device may be used as an oscillator
and for other purposes for which vacuum tubes are ordinarily used,
it should not be thought of salely as a replacement for vecuum tubes
but rather as a new element in electronics, The transistor is not
available at the present time for commercial usage but since the
announcement (7) of the tramnsistor, considerable investigation end
development work has been done by various interested companies,

These companies are now meaking transistors for experimental purposes
and‘it gseems that it will only be a matter of time before they are
‘ﬁsed comuercially,

1, Summary

This paper will first present a general discussion on transistors
which will deal briefly with the physical and electrical properties of
the transistor, This will be followed by & short discussion of
semiconducfor'and transistor theory, rhe derivation and discussion
of two equivalent circuits are given next, followed by a presentation
of two methods of obtaining the equivalent circult constants, A
comparison of constants obtained by these two methods snd a comparison
of transistor constants of various units conclude the paper,

2, General discussion of transistors.
In brief the transistor (type A - another type will be mentioned

later) consists of a small block of high back voltage germanium

-~
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crystal and three electrodes &s shown in Fig, 1.. The emitter and the
collector electrodes are of the point-contact rectifier type and are
placed close together with a separation of approximately ,005 to
+025 cm on the upper surface, A large area contact at the lower
surface of the block of germenium forms the third electrode and is
known as the basa electrode, Another more recent type of transistor
(Kock,5) is shown in Fig, 2, This transistor is known as the coaxiel
type and has, as shown, one contact point on each side of the germa-
nium crystal wafer, The circumference is the base elsctrode,

The construction of the transistor is simple since it requires
no vacuum and has a minimum of parts, There is no filement, conse-
quently there are no problems of filament power supply, of filament
heat dissipation, or of warm up time, Transistors are smaller than
subninature tubes (see sketches in Fig, 3 of transistors end subminature
tube at actual size) and with improved techniques may be made much
stronger, |

Among the disadvantages of the present transistor the most serious
geems to be the variation of performance from one transistor to
another and the seemingly inherent noise, The characteristics of
transistors ere not reproducible to within the same limits as are
vacuum tube characteristies, The variations are not, however, so
large as to make interchange of transistors (not obviously defective)
in some circuit applications impractical, Thers is also evidence that
transistor characteristics do change a little with time even though
they may not be in use, Measuraments made by the writer of voltsge
galn over a period of several weeks on one transistor are shown

plotted in Fig, 4, The dates on which measurements were made are

-
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indicated to the right of each curve, The Western Electric transistor,
Number AM2113, was not used between the times these megsurements were
teken, It has been suggested that the change may be due to some
chemical action that takes place at the point contacta, The proper
metal and/or type impregnate mey, then, help to meke the transistor
more stable with respect to time,

Noise measurements have been made to show that the major part
of the noise is at the collector, A plot of noise squared versus log
of frequency results in a straight line which is similar to the results
obtained when contact noise is measured, It is felt that some of the
noise may be eliminated by better contact materials and 1mprpved
methods of construction, Measurements of noise have shown that collec-
tor noise aquared iz about forty db above emittar noise squared, Thus,
the noise of the emitter is of little consequence,

The frequency limit of the transistor is at present about 10
megacycles, This limitation is associated with transit time rather
than electrode capacities, The influence of the emitter travels to
the collector in different paths each of which has a different transit
time, Therefor there is a drop in amplitude with an increase in
frequency rather than simply a phase shift,

- 3¢ Brief theory of semiconductors and transistors,

Investigation of semiconductors began at least twenty five years
ag0 when their property of unilateral conductivity was used to maka
ractifiers, During the war the use of these substances as detectors
in mierowave equipment led to the gathering of a great deal of emperi-~
cal information on semiconductors (Torrey,8). This information includes
two things in particular, First, that the resistivities of semiconduc-
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tors are determined chiefly by impurities and second, that these
resistivities can be varied over a wide range by apply;ng various
external influences such as temperature in the case of thermistors,
The mechanism of conduction can be understood using the detail-
ed concept of the construction of matter as developed by modern
physicss In metals there are meny free slectrons that can be used
to carry current, By free electrons is meant slectrons so loosely
asgociated with their atoms that they caﬁ be easily induced to move
to neighboring atoms, In metals there is approximately one free
electron for every atom, In insulators there are practically no free
electrons, In semiconductors there is only about one current carry-
ing (free) electron for every million atoms, The number of current
carrying electrons can be greatly varied by changing the physical
environment of the material, This change in the number of current
carrying electrons effectively veries the resistivity of the material.
There are two distinct mechanisms operating separately or
simultaneously which make conduction in semiconductors possible, In
the N type semiconductor the electrons as usual move undér the influ-
ence of applied voltages and thus provide current flow, This is
similar to the manner in which free electrons in metals carry current,
In the P type semiconductor conduction appears to take place as if
the carriers were positive charges, These virtual positive charges
are actually empty places, "holes", from which electrons have been
'removed. The two types of conduction in the semiconductor material
are identified with lattice imperfections and more commonly with im--
purities. In the case of the N type (negative type) semiconductor

the few electron carriers may be assumed to be due to an impurity

obe



having a valence one greater than the crystal material, Thus in a
semiconductor such as the silicon erystal the impurity may be
phosphorus, Since silicon has four valence electrons and phosphorus
five the excess valence electron possessed by the occasional phospho-
rus atom is not required for the tetrahedral binding to adjacent
gilicon atoms in the erystal and hence is free for current carrying.
Because it donates electrons for current carrying purposes, phospho-
rus may be thought of as a donor impurity. In the case of the P type
(positive type) semiconductor, boron with a valence of three may be
the impurity in & silicon crystal, There is one incomplete bond
between each boron atam and its neighboring silicon atom leaving a
*hole" in the structure, These holes mey be coﬁsidered virtual
positive charges and the boron may be thought of as an "acceptor”
impurity since it eccepts electrons into bonds, Due to the fact that
the percentage of boron impurity is very low the ratio of holes to
silicon atoms is very small, Under the influence of an external
electric field the hole in the bond between one silicon atom and e
boron atom can be filled with an electron from an adjacent silicon
atom, But in so doing the electron leaves a hole which may in turn
be filled by another electron; This hole is thus free to be passed
from atom to atom and acts as a positive agent for carrying current,
Even though the electrons actually do the moving it is the presence
of the holes that makes such mbvement possible, The electrons move
toward a pgéitive region and coﬁsequently yhe holes move toward a
negative region, P type conduction may therefor be thought of as
conduction by holes,

The concentrated basic research progream that led to the dis-

-
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covery éf the transistor began at the Bell Telephone lLaboratories soon
after World War II, The group investigating semiconduqtors was led by
William Shoekley, one of the countrys®' leading solid state physicists,
During the investigation an experiment was performed that brought to
light a discrepancy in the existing theory of semiconductors, As
mentioned before it was known by empirical information that the resis-
tivity of semiconductors could be varied hy applying wvarious external
influences, In the experiment an external electric field was applied
to & sheet of germanium and the resistivity measured as the field was
changed, The results were not consistent with the prevailing theory
s0 a theory of surface states was devised (Brattain,é).that would
account for the measured change as well as for older known effects
unexplained by previous theories, -

This new theory hed to be refined when various other experiments
were performed, It was while John Bardeen and W, H, Brattain were
following up the consequences of this refined theory of surface states
that they invented the tramsistor, With it they discovered a surface
layer having peculiar charaéteristics.

The proposed theory explaining these peculiar characteristics and
the amplifying properties of the transistor concerms a thin layer on
the surface of the semiconduetor crystal of germenium, The main bulk
of the semiconductor is of the N type but the thin layer on the surface
behaves as if it were of the P type or hole conducting type. This hole
condueting layer mey be caused by an excess of impurities near the
surface or from a space charge berrier layer., The rectifying region -
which was formerly thought to be at the surface now seems to exist at

the P to N boundary.



When D.C, bias potentials are applied to the electrodes of the
transistor thére is & mutual influence which makes it possible to use
the device to amplify A,C, signals, There is a current of a few
milliamperes in the emitter due to a small rorﬁard (p&sitive) bias,

A reverse (negative) bias is applied to the collector large enough 40
meke the collector current of the same order or greater than the

enitter current, The polarity §f the collector is such as to attract
the holes which flow from the emitter so that a large part of the

- emitter current flows to and enters the c¢ollector, While the collector
has a high impedance for flow of elecfrons into the semiconductor, it
offers little impedance to flow of holes into the point from the semi-
conductor, If the emitter ocurrent is varied by a signal voltage, there
will be a corresponding variation of current flow in the collector,
Without emitter bias a small amount of current flows in the collector
eircuit, The effect of hole éonduction from the emitter to the collector
nay aiter the normal current flow from the base to the collector in such
a way that the change in collector current is larger than the change in
emjitter current, Due t¢ blasing polarities the input impedence is
small and the output impedance large, The high ocutput impedence may be
matched to a high impedence load, Since the currents are of the game
order a large ratio of output to input voltage is thus obtained, A

corresponding power amplificetion of the input signel is obtained,

Pel P



CEAPTER IT

EQUIVALENT CIRCUITS

l, large signal operation,

The successful application of transistors to new circuits depends
upon a means of predicting to a reasonable approximation the behavior
of the transistor, This chapter will first show how the prediction of
large signal action may be obtained from the transistors charecteristic
curves and then how equivalent circuits may be derived for use with
small AC signals,

For large signals the operation of a transistor may be obtained
(Becker,3) from its DC characteristice such as ere shown in Fig. 5 and
Figf 6, Ioad lines on these curves are drawn for an emitter impedance
of 500 ohms and for a collector load of 20,000 ohms, The electromotive
force in the collector circuit is 60 volts and in the emitter circuit
the electromotive force is 0,75 volts, The operating point is found on
the collector characteristic curves by transferring the emitter load
line to the collector curves, The intersection of the two load lines
then becomes the operating point, An increass in the electromotive
force - an increase in the signal - of the emitter circuit causes a
change in the position of the emitter load line, The new position will
be parallel to and above the original load line, A decrease in electro-
motive force - decrease in signal ~ results in a load line lying
parallel to and below the origional load line, These new load lines
replotted on the collector characteristics result in Joad lines lying
above and below, respectively, the original replotted emitter load line.

In Fig, 6 the load line resulting from an emitter electromotive force

-
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of 0,75 volts is labeled (1), A decrease in emitter electromotive
force, A E, , results in the load line labeled (2), The replots of
these two load lines on the collector characteristics (Fig. 5) are
showm by‘broken lines and labeled appropriately, Projectionsbfrom
the load line intersections to the collector voltege axis shows the
change in collector load voltage, N E,. Thug large signal performe
ance can be deduced in a way analogous to that used for vacuum tubes,
The leborious procedures necessary for prediction of large signal
. operation is not necessary for small signals, For small signals en
equivalent circuit with constents depending upon the bissing conditions
may be eagily used,
2. Small AC sigpnal equivalent circuit derived from DC equivalent

circuit,

The derivation of a smsll signal A.C, eguivalent circuit fram a
D.C. equivalent circuit is done (Webster, 9) in the following mamner,

In a crystal rectifier the forward current is an exponential
function of some potentiasl difference, E, Since the contact points
of a transistor taken individually may act as & crystal rectifier it
is possible to write the relationship betﬁeen the current of the
emitter (which is biased positively so that current flows in the
forward direction) and the potentiasl difference, E, The potential
difference E may be expected to be the applied voltege, Ee' less the
potentisl drop due to currents flowing in the bulk of the crystal,
Fig, 7 is a representation of the transistor in which the bulk resist-
ance is shown to be a T section of resistors, Referring to Fig, 7,

if B is assigned to be the potential difference appearing across the
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contact resistance at the emitter, it is given by the equation
EzEg Ry (I, « I) =Ry I, (1)
The relationsﬁip between I, and E as suggésted above is
I, = k(& -1) (2)

where k and « are constents, Using equations (1) and (2), I,

mey be calculeted a&s & function of E, ard E, if first it is assumed
- that Ry and Ré are constants and values for I, are obtained es a
function of Eq and Eg from experimental data,

The relationship between I, and the applied voltages Eq and E,
mey be obteined by an analysis of the observed variation of I, with
respect to E; and E; as given by the static characteristics, If E,
is the applied voltage betwesn the collector and the base, and if
the contact resistance (refer to Fig. 7) plus the adjacent unlabeled
resistance is represented by a-b E the collector current is given by

the equeation

E, ¢ By I, (3).
© "Ry +abE

This equation, it has been found, is adequate to express the variation
of I, with the applied voltages,

A D.,C, equivalent cirocuit derived from the ressoning above is shown
in Fig, 8. The ideal crystal rectifier with an exponential character-
istic in the forward direction repressnts the emitter contacs resistancé.
Equations (1), (2) and (3) describs the relationships betwesn the currents

and applied voltages, The constants a, b, k, <, Ry, and Ry depend on

~ld-



the physical dimension and material of the semiconductor as well as
8ize and location of contacts and other factors.

Fig. 9 shows a comparison of calculated and measursd values of
current irs. applied voltage, The curves are drawn from measured
values while the points are obtained from calculations, The values
of the constants for these calculations asre typical and are as

follows:

a = 100 x 10:5 ohms
b = 250 x 10° ohms/volt

k = 2 x 1076 amperes

o = 14.4 1/volts
Rb = 70 ohmsg

R, = 30 ohms

An equivalent circuit for small AC signals mey be derived from
the DC equivalent circuit by taking the total derivatives of equations

(1), (2) and (3), The total derivatives are respectively:

daE - dEe .' Rdec - (Rb L 4 Re) dIe (4)

dIy = kot ¢ EaE (5)
dEe » Rpdl, = (Rp ¢ a-bE)AI; - BILAE (6)
Defining
I, = i,
N
m dE = o
h dEy = o,

-l5-
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equation (4) becomes

e} = e ¥ Ry i, = (Ry # Ry) 1,

ee"Rb( 1c-‘le) - Ry 14

equation (5) becomes

ig = koce“Eel
- xTIg0y (since I, = x(e*Za1) =
or ej - 1
T ~ &I,

and equation (6) becomes

~e, #bIc8, = =Ry ie « (R, & a<bE) i,

(7)

.

keuE

(8)

(¢)

An equivalent AC circuit for small signals at low frequencies

(no reactive elements included since derived from the DC character-

ietics) is shown in Fig, 10, This equivalent circuit satisfies

equation (7), (8) and (9) providing:

re - 1 * Re
*Ig
rc = a-bE
.S &
O(IeRb +1

where I, I, and E are DC values of current and voltege as described

above, The effects of a smell phase displacement have been observed

-



at frequencies as low as five kilocycles so a phase angle should perhaps
be associated with the dimensionless parameter « .
3o Impedance and gain relationships for various inputs,

Amplvifier circuits using transistors end employing various input
and output connections have been devised, Using the AC smell signal
equivalent circuit shown in Fig, 10 expressions for input impedance,
output impedance and gain may be obtained, These expressions will be
given for three amplifier circuits, the conventional emitter input
‘¢collector output circuit, the bhase input collector output and the base
input emitter output cirecuit, To simplify the algebra, approximations

valid over the operating range are mede as follows:

e

Ty =

!
G"‘

[ 4

t+

1 = u

The emitter input collector output emplifisr circuit is deserided
in reference (1) and shown in Fig, 11, The expressions for input and
output impedance and power gain haeve been derived from the equivalent

¢ircuit, Fig, 10, using the given approximations and are as follows:

Input impedance r, #T(l - ATe )

- ° RL » rc
Output impedance = r,| l= ATaTy
: re(R; » Ty + rb)
2p 2
Maximum available power gein = M"Tg

TelTe » 1) (1 + B)2

where B = ]/l - ur,Ty

Tolry + 1)
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For matched conditions the available power gain is defined as

4 _ERR , i 1s the current flowing in the load Ry. Near
ez~
match, Ry, is of the order ér r, and R{ , the emitter circuit
impedance,approaches Tqe
The tertm B in the expression for power gain is generally leas than
unity dut always positive in the region under consideration, Power
gains up to 20 db have been obtained using this type circuit, The
-8tability of an emitter amplifier is usually quite good,

As trangistors ere now made,a typical unit might have the following

values:

Input impedance 700 ohms

Output impedance z 30,000 ohms

Power gain 16 db

With typical vacuum tube values of input and output impedances
in mind, the above values for the transistor might seem discoursging
since & matching device would be required for the most apparent
ai)plications.

By using a base input, Fig. 12, this disadventage is greatly
ninimized, Using this base 1np\it collector output ecircuit the follow-

‘ing equations may be derived:

Input impedance = T ¢ Te
1. HTe
RL . T,
Output impedence = T, [ 1- AT ( Ri + 1y )
T Ri #+ry e,

«20=



2 n2
Maximum aveilable power gain - 'azre P .
ro(ry + (1 + BIBY

1 - AT Ty ,
Tolrg + 1)

and Bl:yl-/‘{ré

Te

where By as before

It is to be noted that Bl is less than B since L

Te *Tp

‘13 less than unity, Even though B is positive (,81)2 may be squal to
or less than zero,

Some interesting observations may be made if (for the base input
circuit) input thedance is plotted ageinst emltter bias voltage,
Such & plot is shown in Fig, 13, It is noted that there are values
of émitter bias for which the input impedance is very high - an attractive
~eondition when the device is to be used as an amplifier, The negative
resistance region appearing at low bias voltages suggests the possibil-
itjes of using the transistor as an oscillator, In oscillator cireuits
this negative resistance sppearing between the base and ground is ﬁsed
to supply the losses of a resonant circuit,

Impedance end gain values for the base input collector output

amplifier are as follows:

Input impedance 5,000 ohms

Output impedance = 10,000 ohms

Power gain 23 ab

The above values represent conditions in a stable region, Somewhat
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higher values of input impedance may be obtained but emitter bias would
then be such as to place operation near an unstable (oscillatory) regionm.
Fig. 14 is an illustration of the base input emitter output circuit,

- The mpedahce and gain relationships are as follows:

Input imped (3R
PO pedance = r, +RL+Vc —jite
Output impedance = (Ri+TNTe-Mle)+ 1 le
Ri+ re

Meximum available power gain - rc_._.._:—z
(Ve + YIe-ATE)

Near match, Rj will be of the order of r ¢ and Ry of the order of Ig.

Practical values are:

Input impedance = 20,000 ohms
Output impedence = 500 ohms
Maximum available power gailn = 16 dv

This circuit may best be used as a matching device between emitter
input collector output or base 1n1:;ut collector output stages. As such
it will furnish power gain but the limited emount of output power is
the major disadvantage. Operation is best in the region where Lo-Mle
is of the order of rge

A comparison of the three types of circuits is given in Teble I,
4, Another small signal AC equivalent circuit

Another means of obtaining a small signal equivalent circuit for
the transistor (Becker, 3; Ryder, 6) is considered next. First it
should be noted that in reference (3) the subscripts 1 and 2 are used
to denote emitter and collector circuits respectively., In this dis-

cussion the subscripts e and ¢ will be used as before. Referring to
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