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PREFACE

The Transistor and related semiconductor devices are revolution-
izing many aspects of electronics with amazing rapidity Within the
Radio Corporation of America, there has been such extensive research
and development work on semiconductors, transistors, and their appli-
cations that scientific and engineering reports have accumulated in an
unprecedented manner. Only a part of this work has appeared in the
technical literature.

Because of the high quality and large quantity of the as-yet-
unpublished material available within RCA, it was concluded that the
most effective method of bringing the information to the attention of
those who would profit by it would be the publication of this book. It
was believed that the addition of a few published papers, and abstracts
of others, would help to round out the over-all picture and would con-
siderably enhance the usefulness of the book. Accordingly, the volume
is made up of 31 complete papers (496 pages) which have not been
published elsewhere, 10 papers (163 pages) which have appeared in
periodicals, and 46 abstracts. The papers are grouped into six sec-
tions: General, Materials and Techniques, Devices, Fluctuation Noise,
Test and Measurement Equipment, and Applications. It should be
noted that the word “Transistors” as used in the title is intended to
include semiconductor diodes.

The publishers are indebted to the Institute of Radio Engineers
and to the Institute of Physics (Great Britain) for granting permis-
sion to reproduce papers which have appeared in the journals of these
organizations.

— ili —
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BASIC TRANSISTOR DEVICE CONCEPTS
By

HARWICK JOHNSON

RCA Laboratories,
Princeton, N. J.

Summary—The properties of a p-n junetion in a semiconductor are
developed largely on the basis of physical arguments. From this conceptual
point of view, the roles played by the junction barrier and by diffusion
phenomena in minority carrier injection, diode conductance, transition
capacitance, and diffusion capacitance are developed. This conceptual devel-
opment is fortified by an elementary analysis. The utilization of these
properties of a p-n junction in various transistor devices is discussed in a
qualitative fashion.

INTRODUCTION

which are essential to the physical understanding of the opera-

tion of transistor devices. The discussion is descriptive in nature
with attempts to fortify the consequences of the physical reasoning
with some heuristic analysis. While the results thus obtained have the
correct first-order functional dependence, multiplying constants may
differ from those obtained from a rigorous analysis. From such physi-
cal reasoning and simple analysis, one can develop a sense of under-
standing that many complicated analyses fail to convey.

THIS paper considers some of the elementary device concepts

Because most transistor devices are based on p-n junctions, a study
of their properties constitutes the bulk of this paper; a brief descrip-
tion of how these properties are utilized in the operation of certain
transistor devices is included.

PHYSICAL CONCEPTS OF A P-N JUNCTION

Consider a p-n junction to be formed by bringing together a p-type
semiconductor and an n-type semiconductor as in Figure 1. This is
not, today, a recommended method of forming a p-n junction. However,
as an aid in visualizing the physical processes that go on, this model
provides a simple initial state.

The p-type semiconductor contains impurity atoms (acceptors)
having one less valence electron each than do the atoms of the host
crystal. This robs the normal lattice of one electron for each impurity
atom thus creating an electron vacancy or a hole. Since the hole repre-

1



2 TRANSISTORS 1

sents an electron deficiency, it is represented as a positive charge.
Since the impurity atom (originally electrically neutral) has acquired
an additional electron, it is represented as a negative charge. The im-
purity atom is fixed in the crystal lattice but the hole is free to move
and constitute a current.

p - TYPE SEMICONDUCTOR n - TYPE SEMICONDUCTOR
(HEAVILY DOPED) {LIGHTLY DOPED)
O+O0+0+0+0+ 0O+ 8 = @& - @ =
+0+6+06+0+0+
O+6+0+06+060+0+ - 8 - & - 9
+O0+0+0+0+60+ > -
06+6+6+0+0+06+ 8 —-— @& = & -
+6+6+0+60+0+
0+60+6+6+6+06+ - & = & - @
©=- IONIZED ACCEPTOR ATOMS @= IONIZED DONOR ATOMS
+: MOBILE HOLES - = MOBILE ELECTRONS
DEPLETION
REGION .1
—h
©6+0+6+0+0 © |0 ® - & -
+6+6+6+6+0 i +
0+0+6+6+6 6 ® - o ®
+O0+6+0+60+0 | +
6+6+06+6+6 © & & - e -
+0+0+06+0+0 |
e+6+6r0+06 ol e - & - @
P +

T
4

POTENTIAL

b— t —

Fig. 1—Physical picture of a p-n junction.

The converse situation exists in the n-type semiconductor where the
impurity atoms (donors) now each have one extra valence electron
over those required by the crystal lattice. This extra electron is given
up; whereupon the freed electron wanders through the crystal and is
free to constitute a current. The fixed impurity atom having given up



BASIC TRANSISTOR DEVICE CONCEPTS 3

an electron becomes charged positively. In the separated semiconduc-
tors, the mobile charges (electrons and holes) are uniformly distributed
throughout the bulk material.

We now ask, what are the consequences of bringing together these
two pieces of semiconductor? It may be expected that the mobile holes
and electrons would tend to diffuse throughout the composite crystal.
However, we shall see that restraining forces are set up which counter-
act this tendency so that the bulk of the holes remain in the p-type
material and the bulk of the electrons remain in the n-type material.
Thus, the charge densities in regions removed from the junction are
essentially unaffected by this juncture.

It should be pointed out that the representation in Figure 1 is in-
complete in that the holes and electrons are considered to be derived
only from the ionization of the impurity atoms. In addition to the
carriers thus derived, there ave, in both types of semiconductor, addi-
tional electron-hole pairs formed by the release of electrons from
atoms of the host crystal. The energy for ionization of these atoms
comes from the thermal energy of the lattice. At normal temperatures
and in material of the type ordinarily used for transistor devices, the
number of electron-hole pairs thus generated is relatively small in
comparison with the number of charge carriers derived from ionization
of the impurity atoms.

Let us return now to a consideration of the mechanism whereby the
holes and electrons are restrained from diffusing throughout the com-
posite crystal. For simplicity consider one type of charge — the holes
of the p-type region, for example. The holes tend to diffuse out of the
p-type region where their density is high into the n-type region where
there are but few holes. The fixed charges (negatively ionized accep-
tors) are then no longer electrically compensated and give rise to a
negative charge density near the transition region between the p- and
n-type materials. This negative charge being opposite to that of the
holes will tend to retard the flow of holes out of the p-type region.
Similarly, diffusion of electrons from the n-type region results in an
uncompensated positive fixed charge density on the » side of the june-
tion. This further restricts the loss of holes from the p-type region.
Thus, under normal equilibrium conditions, the tendency for charges
to diffuse across the junction sets up restraining forces in the form of
uncompensated fixed charges in the transition region which act to keep
the holes in the p-type region and the electrons in the n-type region.

To establish the uncompensated charge densities, the transition
region is depleted of mobile charges and this region is often referred
to as the depletion region or as the space-charge region. The uncom-
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pensated charge densities set up an electric dipole resulting in an
electrostatic potential difference, ¢, across the junction. Hence, refer-
ence is often made to this region as the barrier region, the thickness
of the depletion layer being the barrier thickness, £, and the electro-
static potential, ¢,, the barrier height. As in Figure 1, potential energy
diagrams will be drawn, in this paper, so that electrons run down hill
and holes run up hill.

CURRENT FLOW IN A P-N JUNCTION

The discussion thus far has referred to a p-n junction under condi-
tions of thermal equilibrium with no applied voltage. Before consider-
ing a voltage applied to the junction, let us consider the nature of the
currents that might flow.

First we have the picture of holes tending to diffuse across the
junction from the p-type region but being hindered by a barrier of
height ¢o. The number that do succeed in crossing will depend on the
density of holes in the p-type region, p, = N, and on the barrier height,
$o- Statistical mechanics tells us that, in situations like this, the de-
pendency on the barrier height is exponential and so we have for the
hole density on the n-region side of the barrier,”

qd»o
Po=p,e T . (1)

We refer to this as an injected hole density in anticipation of hole
injection in transistors. The current will be proportional to the injected
charge density, so we write

q
- Po
]. —constant X e *T . (2)

An analogous flow of electrons into the p region occurs and we may
take Equation (2) as being the sum of the hole flow to the right and
electron flow to the left. Although the particle flow is conceived of as
being in opposite directions for electrons and for holes, the current

flow is in the same direction since the holes and electrons are oppositely
charged.

Recall that we are still discussing a junction to which no external
potentials have been applied. Under equilibrium conditions no net cur-
rent must flow, so there must be a counter flow to achieve this balance.

* A list of symbols used may be found in the appendix.
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Let us see how this current arises. In the n region small numbers of
holes are normally present as a result of electron—hole pair generation
by thermal processes. There is also an internal potential established
across the junction; this is in the direction to extract holes from the
n region and sweep them into the p region. This, then, constitutes a
reverse flow of holes which will balance those diffusing over the barrier
into the n region. We ask how large'is this current? The barrier po-
tential can, of course, only extract those holes in the immediate vicinity,
and in order for additional holes to be extracted they must diffuse to
the barrier. Thus the magnitude of this current will be governed by
the laws of current flow by diffusion. The “Ohms law,” so to speak,
for diffusion current flow is simply (for holes)

v qD,—, (3)

i.e., the current is proportional to the charge density gradient. This
simply says that particles tend to move from regions of high concentra-
tion to regions of low concentration. Thus to determine this current
we need to determine the density gradient.

A first-order approximation for the density gradient may be ob-
tained by physical arguments concerning the density at the junction
and at some distance away from the junction. Referring now to
Figure 2; at the junction, it may be argued, the hole density is zero
since the holes will be immediately swept away by the barrier potential.
Now a charge carrier in a semiconductor leads a rather hazardous life
since it was derived from an atom which normally would like to get it
(or a similar charge) back. Thus, there is always a probability that
an electron will drop back into a vacancy represented by a hole, thus
ending its life (for the moment) as a free charge capable of carrying
current. The barrier potential cannot collect those carriers which are
created so far away that they are lost by recombination before diffusing
to the barrier. If L, is the average distance a hole in the n-type mate-
rial can diffuse before recombination, then at a distance L, from the
junction, the normal hole density, p,, will be unaffected by the presence
of the junction. The density gradient then is p./L, and the diffusion
current flow is

P kT b Gi2
I, =—qD,—=———_*_, )
L, q (1+? oL,

where the latter form may be obtained from simple manipulation using
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Fig. 2—Hole saturation current. Current flow is to left.
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By analogy the electron flow from the p region to the » region is
(Figure 3)

np kT b 0'52
I"s=_'un i . (5)
£ ¢ 1+b):o,L,

The total counter flow of current under equilibrium conditions is then

kT b 1 1
I.=1I,+ Ing,= ——— o2 + . (6)
q (@+0b): e, L, o, L,

Note that these currents do not depend on the barrier height. This

\

ES. POTENTIAL \ _:I}{

-9
INJECTED  CURRENT _—— » Ii= CONSTg *I d

SATURATION CURRENT = I =-q0P % —qOnMp
p Ln

Fig. 3— Nature of current flow. Under equilibrium conditions I, = I,.
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reverse flow then will not depend on the applied voltage; it is known
as the saturation current.

Under equilibrium conditions, the saturation current just balances
the injected current [Equation (2)]. The barrier height adjusts itself
so that these currents are balanced for both hole and electron flow
individually and no net current flows across the junction.

At this point we return to ask what happens to the injected carriers
as in Equation (1) that succeed in overcoming the barrier. The in-
jected holes tend to diffuse away from the barrier into the n-type
material. As charge carriers, they are subject to the same hazardous
life as the holes normally present, and on the average diffuse a distance
L, before being lost by recombination. Thus, the injected hole density
distribution is approximately as shown in Figure 4. Recalling the form
for current flow due to diffusion

P - REGION _ -|f « n- REGION

-9 y
Po= Ppe kT 70
3p __ P
w QT
) 4
o=
2
v
ns
(=)
»x
[*7)

L- — = Lp ﬁ'
Fig. 4 —Injected hole current.

8p
I=—qD,—.
Sz

The hole current due to the injected charge density is simply

Do
I,=qD—
L,

where p, is related to the barrier height by Equation (1). A similar
relation holds for the electrons surmounting the barrier in the opposite
direction.

If an external potential is applied to the junction, the effect is to
alter the height of the barrier. As noted above, this does not affect the
saturation component of current flow but will change the injection cur-
rent flow. The injection current flow now becomes

= A
I,=constant X e *T , N
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where V is taken positive when a positive potential is applied to the
p side of the junction, as in Figure 5.

The constant in Equation (7) can readily be evaluated since we
know that, when V = 0, the injection current must equal the saturation
current. A little manipulation shows that the total flow is

1
1..-1,<e'"‘ 1) (8)

and the same form applies individually to both the electron and hole
components of the current. When V is positive a very large current will
flow because of the exponential relation. When V is negative the cur-

— 1+ _
[_ 4 1T
o v |
L] | L
1 P N f—s}
L - s
i
YR S, .
! La-v l}.’
-9 (y-v)
Il = CONSTe KT
=
I -

FROM Ii=15; V=0
LTV
I=15te *T _1)

Fig. 5—Diode relation.

rent will be extremely small and is the saturation current. It is seen
from this relation that the rectification properties of a p-n junction
have no direct relation to the proportion of current carried by holes or
electrons. The ratio of forward to reverse current being simply

1
.

On the other hand for many device applications, the property which
enables a p-n junction to inject holes into n-type material or to inject
electrons into a p-type material is essential. It will be of interest to
discuss these properties further.

Let us first, however, indicate the a-c conductance obtained by dif-
ferentiation of Equation (8).
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81 q S
g — 1, e*T | €))
SV kT
T q
If V» — = 1.
q kT

If V«O, g—0.

In particular, note the extremely small reverse conductance given
by this simple theory. Subsequently we shall see how another phe-
nomenon in a p-n junction leads to a finite a-c conductance.

HoLE AND ELECTRON CURRENTS — INJECTION EFFICIENCY

We note from Equation (8), that the current in a p-n junction is
proportional to the saturation current. Hence, an inspection of the
saturation currents for holes and electrons will give us information on
the character of the diode current whether it be in the forward or
reverse direction. From Equations (4) and (5) it is seen that the hole
current depends only on the properties of the n-type region and the
electron current only on the properties of the p-type region. The
injection ratio of the hole and electron currents is, from Equations
(4) and (5),

(10)

For diffusion lengths of roughly equal magnitude, the predominant
current across the junction corresponds to the majority carrier of the
material having the greater conductivity. In this way a p-n junction
may be utilized to inject a current of minority carriers into a semi-
conductor body and to suppress a flow of undesired majority carrier
current from that body. This property of the p-n junction forms the
basis for the common type of bipolar transistor.

It is common in discussing various aspects of transistor theory to
refer to the injection efficiency, y, rather than the ratio given by
Equation (10). The hole injection efficiency is the fraction of the total
current across the junction carried by holes, and is



10 TRANSISTORS 1

where the approximation is valid for efficiencies near unity. An anal-
ogous relation for the electron injection efficiency can be written.

The above discussion of various aspects of the p-n junction has been
given on the basis that the currents were small. However, as the cur-
rents are increased as would be desirable, for example, in a power
transistor or even in the large-signal operation of a low-power transis-
tor, other effects become important. This discussion of the injection
efficiency is an opportune place to consider one of these effects, namely,
the reduction of injection efficiency with increasing currents. This
consideration will also bring to light a basic physical concept which, in
the interests of simplicity, has not yet been pointed out.

For clarity, consider a specific type of junction — in particular one
in which ¢, » o, so that the current across the junction is carried prin-
cipally by holes being injected into the n-type region. At low currents,
the ratio of hole to electron current is given by Equation (10). We ask
how this is altered at high currents.

When a hole is injected into the n-type region, an electron also enters
through the external connection to preserve charge neutrality. Al-
though we have considered principally the injection of one type of
charge, this injection is accompanied by an equal flow of carriers of
the opposite type. Reference is often made to this fact by stating that
one should really speak and think of the injection of electron-hole pairs
rather than confining one’s attention to the injection of one type of
carrier. Indeed, a consequence of this is the reduction of emitter effi-
ciency at high currents.

If, then, p, is the injected hole density corresponding to an injected
current, I, = qDpy/L,, as in Figure 6, then an equal compensating
charge density, ny = p, is added to the electron density normally pres-
ent. Those electrons normally present arise from ionization of the
donor atoms, N, so that the total electron density is p, + N, This,
then, is the total electron density at the junction being held back from
entering the p region by the barrier (¢, — V). The number crossing
the barrier is

— L e
(Po+ Ny e ¥

From the earlier calculation of diode current where the increase in
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electron density was neglected it will be recalled that for zero applied
voltage the injected current was equal to the saturation current so that

q

b
From this e *7 ’ can be evaluated so that I, becomes approximately

q q
po + Nd —_V LP — T
I, =— Inye*r =|{1+ I )1,e *7 (11)
N, qD,N,
p ~REGION =} —~ n- REGION
: q
- = (A=)
w P. = Ppe KT
g
34
(]
i - EXCESS HOLE DENSITY
[=]
¢ FOR Ip=a0p,
Q. o
(po,Nd,e'ﬁ‘V-'V’ INCREASE IN
ELECTRON DEMSIT
INCREASED SLOPE [PUE TO Pe
GIVES INCREASED =9 (-
ELECTRON - _Praesgi-va
CURRENT A s Hadoy

== =5 = Lp N

POTENTIAL
be =~
oS
)
<

ES.

Fig. 6—Excess charge densities for p-n junction where ¢, 3 0. and showing
how electron current in p-region is increased by injection of p, into »n region.
The proportion of total current carried by holes is thereby reduced.

where, since large currents are assumed, the saturation current flow
is omitted. The electron current flow across the junction has been
increased by the factor (1 4 po/N,;) which is a function of the hole
current. A similar argument may be applied to the hole current but
for the case o, » o, the factor is small and may be neglected for this
first-order calculation. The injection ratio is then

1+ —

L, oglan N

e o4 b = ( : »>. (12)

I,, ( Po 1 U'"Lp Po + Nd

I,
N,y )
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In this case, the hole injection efficiency is reduced by a dispropor-
tionate increase in the electron current crossing the junction as the
voltage is increased to increase the injected hole current.

BiroLAR TRANSISTOR

Let us consider how the properties of the p-n junction may be
applied to form the conventional bipolar transistor. Consider, as in
Figure 7, a p-n-p transistor formed from two p-n junctions placed back
to back with a base width, W, which is much less than the diffusion
length for holes in this region and with voltages applied as indicated.
With a positive voltage applied to the left-hand junction, a large current
will flow into the base. If the conductivity of the emitter is much
greater than that of the base, this current will be predominantly a
hole flow. The injected holes are minority carriers in the base region

- w
[ e o[
] [ N | P
] emitrer BASE coLLecToR | |
IEI' I 15
——
Ve Ve
=
s
z L3
z |
=
o Ve
a
|
v ?
oy eoooeol g e L]
o s

Fig. T—p-n-p transistor.

and will diffuse through the base. Because the base region is thin,
most of these will reach the right-hand junction and only a small
fraction will be lost by recombination in the base. The right-hand
junction is biased negatively, or in a direction to collect holes from
the base region and transfer them to the right-hand p region. Thus
the hole current injected by the emitter p-n junction diffuses through
the base and is collected by the collector junction and the hole current
is substantially constant through the device. Electron currents across
the junctions are unwanted currents (in a p-n-p transistor) and one
of the problems of transistor design concerns the minimization of these
currents.

The forward conductance of a p-n junction is large, so that little
power is required to inject hole current into the base region. On the
other hand, the conductance of a junction biased in the reverse direction
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is very small. Now, because the same current flows through the small
conductance of the collector junction that was injected at the cost of
very little power through the emitter junction, a considerably increased
power may be developed in an external load.

Transistor action depends primarily on the diffusion of minority
carriers through the base region. An analysis of the base region
provides the essential features of transistor performance while the
properties of the end regions are principally concerned with the flow
of unwanted currents. A rigorous analysis then would solve the diffu-
sion equation in the base subject to the boundary conditions imposed
by the junctions. This becomes somewhat involved analytically, and
therefore a somewhat heuristic approach on the basis of the current
flow in p-n junctions discussed above will be followed.

The current flow across the emitter junction can be conceived of as
I, = (hole + electron flow due to V,) + (hole + electron flow due to V),
and that across the collector junction as
I, = (hole + electron flow due to V,) + (hole + electron flow due to V).

We might write the first term of /, by considering this as a straight-
forward diode and using Equation (8); however, one modification
must be made. The diode relation, Equation (8), was computed on
the basis that the diffusion length, L,, in the n region was smaller
than the extent of the region. In the transistor, we have made W
smaller than L,. It will be recalled that L, was the distance in which
the injected hole density decreased to zero. In the transistor case, the
collecting action of the collector junction reduces the hole density to
zero at W. It is reasonable to replace L, by W as the factor in deter-
mining the gradient giving rise to diffusion flow of current. Similarly,
the second term of I/, can immediately be written down with the above
modification. This is essentially the reverse current of the collector
junection, i.e., the current for a junction biased negatively.

This leaves the transfer terms to be considered. Consider first the
transfer term of I, From our physical explanation of the operation
of the transistor this is simply the hole current injected by the emitter
junetion and collected at the collector (p-n-p transistor). It is given
by the hole component of Equation (8) again with the modification
of replacing L, by W.

Now the structure is quite symmetrical and nothing in the device
indicated that the left-hand junction should be the emitter. Thus we
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must cause the transfer terms to have similar coefficients so that, if
we choose, we can interchange the voltage polarities and obtain tran-
sistor action using the right-hand junction as the emitter. We there-
fore write the second term in I, in a form similar to the first term in I..
Thus we have

kT b 1 1 q ]
=— 2| (—+ g
q (1+4+b)2 o, W a.lL, =1K
1 ’ . ):l
o, W e T -1
I\'T b 1 q
I - g ( e ! 1
qg (1+0b)2 a, W \°
( 1 1 ., ):I
— f—— e — — ¥,
oW oL, e —1

which is the first order approximation to the solution obtained from
a rigorous mathematical development. In the rigorous solution the

q

coeflicients of ¢ KT Vi 1 are given in terms of hyperbolic functions

and in practice it is the first-order approximation given in Equation
(14) that is most often used in calculations.

We will return now to the simple p-n junction for a discussion of
other basic properties. Before so doing, and for future use in some
brief comments on the origin of temperature effects in transistors, note
how temperature enters the transistor equations. While most of the
parameters of Equation (14) have some temperature dependence, the

most sensitive factor is the intrinsic conductivity, ;. This is discussed
later.

v (14)

CAPACITATIVE EFFECTS IN A P-N JUNCTION

Two phenomena give rise to the flow of capacitive currents in p-n
junctions. The first of these, which we will term a diffusion capaci-
tance, is the result of the nature of minority carrier flow in a semi-
conductor, i.e., a diffusion flow. The second, which we will refer to
as a transition capacitance, is a consequence of the depletion of mobile
charges near the junction as discussed earlier.

Consider first the diffusion capacitance arising from hole injection
into the n region of a p-n junction. The hole flow in the = region
corresponds, as we have seen, to a charge density gradient as shown
in Figure 8. If the current is altered by changing the applied voltage,



BASIC TRANSISTOR DEVICE CONCEPTS 15

the gradient, and hence the charge density distribution, must change
thus changing the total charge. This change in total charge with the
applied voltage corresponds to a capacitance (a diffusion capacitance).

The total hole charge within a diffusion length of the junction is

Do
Q=q—1L,
2
The diffusion current is
op o
ly=—qD,—=qD, —.
Sz L

2

P ~REGION =l « n - REGION

B

HOLE DENSITY FOR I +3I

HOLE DENSITY FOR I

EXCESS HOLE DENSITY

=3 P = -

Fig. 8—Hole density distributions in n region for calculation of hole dif-
fusion capacitance.

Then
8Q 8Q d&p, 81, < L, ( L, < q
C=—=—x-——=| ¢g— s f
5V Sp, 81, 8V 2 > qD,,> kT ,,)
¢ Lp
=— i (15)
ET 2D,
where the a-c conductance
81, q
=—1I,
sV kT

was obtained from Equation (9).
An analogous expression exists for the diffusion eapacitance for
the electron flow into the p region. The total diffusion capacitarice is
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ordinarily much larger than the transition capacitance and plays an
important part in limiting the frequency response of the transistor.
In the transistor, however, we must remember the minority carriers
are stored in the distance W and not L,, since ordinarily W ¢ L,. We
can thus replace L, by W in thinking of the diffusion capacitance of
the injecting junction of a p-n-p transistor.

Consider next the transition capacitance which, in a transistor, is
important for the collector junction. We have seen earlier how the
potential barrier in a p-n junction was a consequence of the depletion
of mobile charges in this region leaving uncompensated fixed charges.
Further, if the potential drop is varied by an externally applied voltage,
these densities must be altered to correspond to the new conditions.
This process requires a flow of charge in response to the change in
voltage, i.e.,, a capacitative flow. It is apparent that the exact nature
will depend on the distribution of impurity atoms in the transition
region. Two cases of practical importance have been much discussed:
(1) an abrupt or step transition in which the impurity type changes
discontinuously from = to p, and (2) a gradual transition in which
the net impurity concentration changes linearly from n to p. We will
consider the first case—a discontinuous transition—and, in particular,
a junction in which o, » o,. This is shown in Figure 9, where the
depletion layer is considered to exist only in the p region by virtue
of its much lower conductivity. If we construct a pill-box of unit cross
sectional area with one face at x = 0 at the edge of the depletion layer
where the field is zero and the other face at xz =z, the field at z is

given by Gauss’ Law as
47Q
(SndA = -
surface K

here £, is the normal surface component of the field and @ is the
charge enclosed in the pill-box. Upon integration,

47
—— qN 2.

K

The potential can be found by integration over the barrier thickness, t:

27q
V= &Sdr = - N, 12, (16)

K

so the barrier thickness is
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= —— V. (17)

20,

The capacitance can then be determined by taking the incremental
change in charge with voltage, i.e.,

5Q N, 5t .
C= - —— (18)
SV 27q 4zt
N 215t
K
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Fig. 9—Figure for calculation of transition capacitance when o, 3 0,

which is the capacitance per unit area of a parallel plane capacitor
with electrode spacing ¢ filled with a material of dielectric constant, «.

If one performs a similar analysis for the depletion region in the
n region (which we neglected above in the interests of simplicity), the
total depletion region thickness is given by

Kty b 1
= = WK (19)

277 U" U’,

where V is the total barrier potential ircluding both the internal
electrostatic potential and the applied voltage. In many practical tran-
sitions, such as those characteristic of alloyed junctions, one of the
conductivities i3 much greater than the other and one term may be
dropped, as in our example.
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For a linear transition, the barrier thickness is given by

3k

2=

v, (20)
4rqa

where a is the net impurity density gradient.

SOME CONSEQUENCES OF VARIABLE BARRIER THICKNESS

Because the barrier thickness depends on the applied voitages, the
simple picture of transistor operation we have given earlier must be
modified in detail. Consider, for example, the effect of a variable
voltage across the collector junction. Such a voltage is present when
the transistor is operating into a load across which an a-c voltage is
developed. The “electrical” thickness of the collector junction now
varies with the instantaneous voltage and in so doing, alters the base
width of the transistor (base width modulation). This effect modifies
both the apparent conductance and susceptance of the collector junction.
Let us consider a physical picture of these phenomena. Figure 10
shows the situation in the base region of the transistor as the effective
position of the collector junction is varied.

Remembering that the diffusion current is proportional to the
density gradient

8p
I=—qD,—,
Sx
1 1
Iax = (IDpT’o — Iin = ’IDpPo_ .
SW SW
wW——- W+ —
2 2
Then
81 Iax — Imin Dypy 1 8W 1 W
g=—= — ———=1——, (2]
SV sV w W 8V w &V

giving an approximate expression for the a-c conductance due to
modulation of the base width, W, by an applied signal. As we have
seen earlier, the simple theory gave a conductance for a reversed bias

—7
junction of the form e * . Even for relatively small negative values
of V, this conductance is extremely small. The conductance developed
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above turns out to be much greater and, for a practical unit with
negligible leakage, does express the finite conductances found.

The situation of Figure 10 shows that the charge in the base region
also varies as the effective position of the collector junction moves.
This variation of charge with voltage may be interpreted as a capaci-
tance which adds in parallel to the junction transition capacitance dis-
cussed above. This capacitance is derived as follows:

pO 'SIV po SW
anx—':q_ W4 — ’ len:q_— W ———
2 2 2 2

8Q  Quax—Qumn  apo W w2 1 §W

= RS = —_——— (22)

5V 5V 2 sV 2D, W 8V

EMITTER
COLLECTOR

Po

EXCESS HOLE DENSITY

BASE REGION - -
3w

Fig. 10—Hole distributions in base of p-n-p transistor as effective base
width is varied by variation in collector voltage.

This is similar in form to the diffusion capacitance associated with
the emitter due to the flow of holes into the base. However, in this case
the additional factor (1/W) (8W/8V) makes this capacitance small
and in practice it is but a fraction of the transition capacitance.

FIELD-EFFECT TRANSISTOR

This phenomenon of a variable barrier thickness has formed the
basis for a different type of transistor device — the field-effect transis-
tor. Such a device, which is shown in Figure 11, consists of a thin
piece of semiconductor on the opposite sides of which are two p-n
junctions. An ohmic contact is located at either end of the semicon-
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ductor. It is seen that a conducting channel exists between the two
ohmic contacts. This channel is defined by the two p-n junctions. If a
reverse bias is applied to the two junctions, the conducting channel
becomes still further limited by the depletion layers of the junctions.
Thus the channel conductance may be varied by modulating its cross
section through a variable voltage applied to the p-n junction. In this
way the signal applied to the p-n junction controls the current flow
between the ohmic contacts and through the load.

OEPLETION REGIONS

] /
GATE
el

- P
| SOURCE | "1?4'\,;;;,_'_;__:_:_:,’_4,,; — DRAIN
[_ "’(.f~q-.-y7-,-p-v,, ] 7‘

(Al /\ LN
INPUT I - F T cate =~ S Loao
Ll__ ] j
— )i 1}1 4M— —

Fig. 11—Field-effect transistor. .

ORIGIN OF TEMPERATURE EFFECTS

We will briefly examine the origin of the most important factor in
determining temperature effects in transistors. In connection with the
transistor equations, it was previously stated that the intrinsic con-
ductivity was the most sensitive factor. Let us see how this comes
about. Recalling that the diode currents were proportional to the
saturation currents, we will look at the hole saturation current,

where p, is the density of holes of thermal origin in the n-type mate-
rial. These holes are created by the loss of an electron from an atom
of the host erystal. Writing this in another fashion, using the relation
71“" =",y

where n; is the density of electrons (or holes) in intrinsic material and
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n, is the density of electrons in the n-type material which come prin-
cipally from the donor atoms.

Figure 12 shows, relative to thermal energy at room temperature
(shaded) and 100°C (dotted), the energy required to release an elec-
tron from an impurity atom normally used in doping germanium and
from a germanium atom and from a silicon atom. It is seen that
thermal energy is somewhat larger than that required to release an
electron from an impurity atom. It is for this reason that at normal
temperatures we can assume that all of the impurity atoms are ionized
and consequently that the normal electron density in n-type material,
n,, is equal to the donor density, N,. Furthermore, having ionized all

swicon [0 LI, 7/'// /’/‘///Z/j
GERMANIUM [77777,7777 7/ A

THERMAL [

IMPURITY u
ATOMS

RELATIVE ACTIVATION ENERGIES

I

e
50 100
TEMPERATURE,C"

VARIATION OF SATURATION CURRENTS IN
GERMANIUM WITH TEMPERATURE

Fig. 12—Temperature effects.

of the donor atoms at normal temperatures, further increases in tem-
perature do not change the number of electrons obtainable from this
source. Then in I,, above, n, does not vary rapidly with temperature.

On the other hand, normal thermal energies are much smaller than
the energy required to extract an electron from either a germanium
or silicon atom. The number of electrons that will surmount a barrier
as we have discussed in connection with the barrier in a p-n junction,
is an exponential function of the barrier height in terms of thermal
energy. Indeed,

]
-— B,
nZae kT ,
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where Eg is the “band gap” or activation energy shown relatively in
Figure 12. Although the numbers are relatively small in comparison
with n, in practical transistors, the variation with temperature, due
principally to the exponential dependence, is extremely rapid. The
graph of Figure 12 illustrates the temperature dependence of the
saturation current in germanium between zero and 100°C. This cor-
responds to the reverse collector current, /,, or COI,. Because the
activation energy in silicon is greater than that in germanium, the
density of intrinsic electrons (and holes) at the same temperature is
much less (again because of the exponential dependence on barrier
height). However, the variation is similar in form and is about the
same percentage-wise, but, because the density at normal temperatures
is so small, the currents are unobjectionable until the temperature is
increased considerably.

OTHER TRANSISTOR DEVICES

Let us consider briefly the mode of operation of a few other tran-
sistor devices made of an assemblage of p-n junctions.

The hook transistor shown in Figure 13 illustrates a different prin-
ciple that provides a possible explanation for a certain behavior of
point contact transistors. The hook transistor shown is a p-n-p-n struec-
ture with no external connection made to the internal p-region. The
left hand junction is biased in the forward direction as an emitter. A
negative potential is applied to the right-hand n-region. This biases
the internal p-region negatively with respect to the base — in the
direction to collect the holes emitted by the emitter. Under static con-
ditions the internal p-region floats at a potential such that the currents
entering and leaving it are equal. If holes are injected at the emitter
and collected by the internal p-region, they are essentially trapped there
— for we recall that holes tend to run uphill. The accumulation of holes
lowers the potential of the internal p region biasing it in a forward
direction with respect to the right hand » region. This permits an even
greater number of electrons to be injected from the right which diffuse
through the p-region and are collected by the n-type base. In this
fashion the current injected by the left hand junction can control an
even greater current flowing across the right-hand junction. Thus, a
current-gain factor, alpha, which is greater than unity may be obtained.
This is in contrast to the p-n-p junction transistor in which the collector
current could at most be equal to the injected current, i.e., alpha is unity.

Figure 14 shows a point-contact transistor. Its operation can be at
least qualitatively explained in terms of p-n junction theory. However,
the details of its operation are not developed to the relatively refined
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Fig. 13—Hook transistor.

state of the junction transistor. Here the emitter is a metal-to-semi-
conductor contact which, with the aid of surface states on the crystal,
is able to create an electron-deficient or p-type region in the vicinity of
the contact. Such a contact, similar to the p-n junction, can inject holes
into the body of the germanium. The collector junction of a point con-
tact is normally “formed” by pulsing it with an electric current. This
forms a p-type region somewhat under the surface of the crystal.
Biased negatively this acts as a collector for the holes injected by the
emitter. Thus far we have something not much different than a p-n-p
junction transistor except for geometry. However, point contact tran-
sistors, as it is well known, have current-gain factors (alphas) greater
than unity. Just how this is achieved has not yet been completely
determined. If one considers that between the formed p-region and the
contact there exists an n-type region, then the structure is serially
similar to the junction hnok transistor discussed above. The reasoning
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Fig. 14—Point contact transistor.
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that gave the junction hook transistor a current-gain factor greater
than unity can be invoked to ‘“explain” this behavior of the point-
contact transistor. This has not been entirely successful. An alterna-
tive proposal has been made that the collector forming process intro-
duces traps in the region near the collector point. These traps are
temporarily filled by holes injected by the emitter and in this state
represent an accumulation of positive charge directly in front of the
metallic collector point. The metallic collector point can supply an
abundance of electrons and these are extracted from the metal by the
collection of positive holes in the traps. This electron current flow
may be much larger than the hole current injected by the emitter to
give current-gain factors greater than unity.

POTENTIAL

E.S.

Fig. 15—p-n-i-p transistor.

A p-n-i-p transistor is shown in Figure 15. This may be considered
much like a usual p-n-p junction transistor with a modified collector
region. The modification in this case consists of the intrinsic region
interposed between the n-type base and the p-type collector. In our
discussion of depletion layers, we saw how the depletion layer extended
principally into the low-conductivity material. The p-n-i-p transistor
may be viewed as a p-n-p transistor in which the conductivity of the
side of the base region near the collector has been made extremely low.
When a potential is applied to the collector, the field extends through
the intrinsic layer to the base. This provides a collector junction whose
barrier thickness is very wide — the thickness of the intrinsic layer.
Because the applied potential is distributed over a larger region, this
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type of junction can withstand a high reverse voltage and has a lower
capacitance. The low collector capacitance improves the high-frequency
operation. The high-frequency operation of this type also depends, as
in the conventional p-n-p transistor, upon making the n-type base region
very thin. High-frequency operation also demands that the n-type
region have a high conductivity which may seriously limit the voltage
that may be applied to the collector junction of a conventional unit. In
the p-n-i-p structure higher conductivity may be used in the n-type
base with improved high-frequency performance without compromising
the collector breakdown voltage.

CONCLUSIONS

This paper has discussed, largely on the basis of physical arguments,
some of the basic transistor device concepts. The discussion has
examined the various electrical properties of the p-n junction and
pointed out the important roles played by the junction barrier and by
diffusion phenomena. There has also been indicated in an elementary
fashion how the properties of a p-n junction are utilized in a few
transistor devices.

In other papers of the present volume, these concepts are further
extended and applied to new and improved devices. Thus, E. W.
Herold’s “New Advances in the Junction Transistor” includes discus-
sions of the alloy process of transistor fabrication, the effects of
transistor geometry and an equivalent circuit for the transistor, among
other topics. The limitations of diffusion phenomena on the frequency
response of transistors are further developed by H. Kroemer. In his
paper, “The Drift Transistor,” a new transistor structure is described
which uses a nonuniform impurity distribution in the base region to
avoid the limitations of carrier diffusion. At the same time, this
structure elegantly satisfies the other requirements for high-frequency
operation. The capacitance of a p-n junction barrier is utilized by
L. J. Giacoletto and J. J. O’Connell in “A Variable-Capacitance Ger-
manium Junction Diode for UHF.” Considerations of the injection
efficiency of emitter junctions are invoked in two papers, “P-N-P
Transistors Using High Emitter-Efficiency Alloy Materials,” by L. D.
Armstrong, C. L. Carlson, and M. Bentivegna, and “Recent Advances
in Power Junction Transistors,” by B. N. Slade; methods of improving
injection efficiencies are deseribed. Thus, the basic properties of a p-n
Junction discussed in the present paper are of general application
throughout the transistor field, and it is hoped that the present dis-
cussion will provide a background for the important advances in the
transistor art described in other papers in this book.
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APPENDIX — SYMBOLS

p = mobility
L = diffusion length
o = conductivity
b = un/ps = ratio of electron to
hole mobility
g = a-¢ conductance
C = capacitance per unit area
@ = charge
t — barrier thickness
W = base region width
x = dielectric constant
&€ = electric field intensity

I = current density
V = voltage
p = hole density
n = electron density
N, = acceptor impurity density
N, = donor impurity density
k = Boltzmanns constant
T = Kelvin temperature
¢ = barrier potential
¢ = magnitude of electronic
charge
D = diffusion constant



NEW ADVANCES IN THE JUNCTION TRANSISTORt
By
E. W. HEROLD

RCA Laboratories,
Princeton, N. J.

Summary—This paper presents a survey of some recent RCA research
on the alloy junction transistor. The alloy process is described and analyses
are givemn showing how the current amplification factor, a, varies with
geometry, surface recombination and emitter current injection. A simple
equivalent circuit is derived, based on the physical constants of the tran-
sistor. It is then shown that the chief factors limiting frequency response
can be reduced in magnitude in an tmproved radio-frequency amplifier
transistor, which also oscillates at frequencies as high as 75 megacycles.
A battery-operated, portable broadcast receiver uses these transistors to
obtain performance equal to or exceeding that of tube receivers.

INTRODUCTION

be supplanted for many applications by a slightly more recent

device, the junction transistor.! The latter type of amplifier
was initially difficult to fabricate but can now be made, by a relatively
simple alloy process, in either the p-n-p type® or the n-p-n type.! Be-
cause such a transistor had properties and geometry which differed
from those assumed in available theories, studies were undertaken in
this laboratory to clarify the operation and improve the frequency
response. The present paper reviews the salient points of these re-
searches as a whole; detailed descriptions of some parts of the work
are being published elsewhere.*¢

THE point-contact transistor, now 5 years old, seems destined to

T Reprinted from the British Journal of Applied Physics, April, 1954;
based on a lecture delivered in London, October 20, 1953.

1 W. Shockley, U.S. Patent 2,569,347, applied for June 26, 1948.

2R. R. Law, C. W. Mueller, J. I. Pankove, and L. D. Armstrong, “A
Developmental Germanium p-n-p Junction Transistor,” Proc. I.R.E., Vol.
40, p. 1352, November, 1952.

3D. A. Jenny, “A Germanium n-p-n Alloy Junction Transistor,” Proc.
LR.E., Vol. 41, p. 1728, December, 1953.

‘*A. R. Moore and J. I. Pankove, “The Effect of Junction Shape and
Surface Recombination on Transistor Current Gain,” Proc. L.R.E., Vol. 42,
p- 907, June, 1954,

5W. M. Webster, “On the Variation of Junction-Emitter Current-
Amplification Factor with Emitter Current,” Proc. I.R.E., Vol. 42, pp. 914-
920, June, 1954.

8C. W. Mueller and J. I. Pankove, “A p-n-p Triode Alloy Junction

Transistor for Radio-Frequency Amplification,” RCA Review, Vol. 14,
p. 586, December, 1953.
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THE ALLOY JUNCTIONT

The rectifying properties of the p-n junction were derived theo-
retically some years ago.” Shockley’s application of such junctions to
an amplifying device came much later®; in the Shockley patent,! refer-
ence is made to diffusing an impurity into a semiconductor so as to
produce a junction. A diffusion technique for making rectifying junc-
tions was more fully described by Hall and Dunlap,® but subsequent
publications from the same laboratory indicate that diffusion in the
solid state is extremely small.!> ' Successful methods for making
transistor junctions may utilize a different technique involving alloying.
This has already been recognized® 3 and is confirmed by experimental
evidence to be discussed in the present paper.

Figure 1 shows the steps which take place in forming a junction by
the alloy process, for example, using n-type, single-crystal germanium
and indium as an impurity. In Figure 1(a) a piece of indium is placed
on the germanium. The temperature is raised (Figure 1(b)) and the
indium melts. Germanium is soluble in liquid indium, the solubility
depending on the temperature. When the temperature is further raised,
as in Figure 1(c¢), enough of the germanium is dissolved in the indium
to cause a small depression in the crystal. In principle, the size of this
depression does not depend on the time (provided equilibrium is reached
in the germanium-indium solution) but only on the area, the volume,
and the highest temperature reached by the molten indium. Subsequent
lowering of the temperature reduces the solubility of germanium in
the indium and the germanium crystallizes out, in indium-contaminated,
p-type form. The important factor at this stage is that the nucleation
centers come from the original single-crystal base. As a result, the
p-type germanium recrystallizes in single-crystal form on top of the
base material, and in crystallographic alinement with it. The p-n
junction forms at approximately the original solid-liquid interface as
a flat, abrupt transition of the Schottky type (Figure 1(d)). The

T Some of the research referred to in this section was done by J. Pan-
kove, “Recrystallization of Germanium fromn Indium Solution,” RCA Review,
Vol. 15, pp. 78-85, March, 1954.

7 B. Davydov, “On the Rectification of Current at the Boundary between
Two Semiconductors,” C. R. Acad. Sci. (U.S.S.R.), Vol. 21, p. 279, 1938.

8 W. Shockley, “The Theory of p-n Junctions in Semiconductors and
p-n Junction Transistors,” Bell Sys. Tech. Jour., Vol. 28, p. 435, July, 1949.

~ *R.N. Hall and W. C. Dunlap, “p-n Junctions Prepared by Impurity
Diffusion,” Phys. RRev., Vol. 80, p. 467, November 1, 1950.

10'W. C. Dunlap, “Measurement of Diffusion in Germanium by Means
of p-n Junctions,” Phys. Rev., Vol. 86, p. 615, April-June, 1952.

11 J. S. Saby and W. C. Dunlap, “Impurity Diffusion and Space Charge

Layers in ‘Fused-Impurity’ p-n Junctions,” Phys. Rev., Vol. 90, p. 630,
May 15, 1953.
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resistivity of the recrystallized p-type germanium is about 0.001 ohm-
em, so that it forms an excellent emitter of holes into n-type material
of 1 to 3 ohm-centimeter.

It is to be emphasized that, in principle, the position and shape of
the junction are closely controllable by variation of the contact area,
the volume of indium, and the maximum firing temperature. In prac-
tice, surface wetting is a possible variant which must also be controlled.
Also of note is that any solid-state diffusion will play only a minor
part in the junction position, changing it perhaps by a few tens of
angstrom units.

The first evidence to indicate the nature of the alloy process was
obtained by embedding an actual junction in plastie, cutting it in
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Fig. 1—Steps in the formation of an alloy junction.

cross section and studying it under a microscope. Better results were
obtained by first dissolving out the indium with mercury followed by
a final nitric acid wash. Some interesting pictures were also made of a
rod-like, n-type, germanium crystal after it was dipped into molten
indium, allowed time for equilibrium, and then cooled to room tempera-
ture. Correct choice of crystal direction in the rod permitted observa-
tion of recrystallized germanium on several crystal faces. After re-
moving the indium, the end of the rod looked as in Figure 2. The
typical erystal structure of the base material is clearly evident in the
recrystallized germanium. A view from another angle, i.e., another
crystal face, is shown in Figure 8. X-ray diffraction studies confirmed
the basic single-crystal nature of the entire specimen.

After these photographs were taken, the end of the rod was cut in
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Fig. 2—View of end of single-crystal germanium rod after recrystallization
from an indium melt and removal of the indium.

Fig. 3—Same rod as shown in Figure 2 viewed from another angle.
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cross section, etched, and a series of low-power microscope pictures
taken, to form the montage of Figure 4. The various crystal axes are
identified by the arrows. By means of thermal probes it was found
that a p-n junction had formed at a sharp line at about the boundary
of the unmelted germanium. This junction line is visible in Figure 4
and is particularly clear at the (110) faces. The junction is more
obscure at the (100) face. Although it may be only a coincidence, it
is of interest that this crystal orientation is often avoided by those

imm

100 o

Fig. 4—Montage of cross-sectional views of end of rod shown in Figures 2
and 3. The p-n junction is seen as a fine white line inside the recrystallized
portion.

making alloy transistors because it is said to yield less satisfactory
junctions.

THE ALLOY JUNCTION TRANSISTOR

The p-n-p alloy junction transistor is made by using two such junec-
tions on opposite sides of a thin germanium wafer. In cross section,
a transistor is shown in Figure 5. Ordinarily, at least at low frequen-
cies, an input signal is connected to the base lead, the output is taken
from the collector, and the emitter, like the cathode of the electron
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tube, is the common connection. The simplest single criterion of per-
formance applicable to the junction transistor is its value of a, or
current-gain factor. This is because any change in emitter current,
which fails to reach the collector, contributes to a change in base cur-
rent and this must be supplied in the form of input power. Ordinarily
one thinks of two such current-gain factors, a,, the ratio of collector-
current change to emitter-current change, and a,, the ratio of collector-
current change to base-current change. We want «,, to be unity and
a., to be infinite. It is frequently most convenient to use a,, because it
is a more sensitive parameter than the other.

If e, is to be large, every source of base current must be a minimumn.

In the main, there are three sources: one is due to imperfect emitter
efficiency, a second is bulk recombination of the injected holes in the
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Fig. 5—Cross-sectional view of a p-n-p alloy junction transistor.

n-tyvpe base, and the third is surface recombination on the free surfaces
of the base material. Let us examine these in turn.

Any part of the emitter current carried by electrons will not be
able to arrive at the collector, and so represents base current. Primarily,
this electron current is due to the free electrons in the n-type base.
However, if the base conductivity is very small compared with the
emitter conductivity, the emitter efficiency will be high. In the alloy
transistor the emitter to base conductivity ratio is of the order of 10*.
Except for the high-current-density case (e.g., power transistors),
which will be examined later, a first approximation allows one to neglect
emitter efficiency as a major source of base current.

Appreciable bulk recombination (i.e., short lifetime of minority
carriers) in the base material prevents some of the injected holes from
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arriving at the collector. In most transistor theory, this source of base
current is emphasized. However, experience with the low-power alloy
transistor indicated that bulk lifetimes of 5, 100, or 1000 microseconds
alike gave equally good results. Since it is a poor sample of germanium
indeed whose lifetime does not fall above 5 microseconds, one must
assume that bulk recombination, again to a first approximation, is
not a major source of base current in practical alloy transistors.

We are left with surface recombination to explain the base current
in the alloy transistor. Early experiments showed that surface treat-
ment of these units was one of the most crucial and critical parts of
the processing technique, and confirm that this source of recombination
is a major item in determining a.

Figure 5 shows why the surface may play such an important role.
1t is observed that the over-all transistor geometry is not parallel plane,
as hitherto assumed in most transistor theory. Also one notes that the
collector is larger than the emitter. The latter feature was incorpo-
rated because it was found to lead to high and more uniform values of
a, and it is clear that it results in capturing much of the hole current at
the top of the figure which might otherwise be surface recombination
current. It is also seen that there is appreciable surface area surround-
ing both emitter and collector.

In the next section of the paper, the special geometry of the alloy
transistor will be examined in the light of surface recombination, in
order to explain observed values of «. Fortunately, with bulk recombi-
nation neglected, all conditions are on the boundaries and powerful
analogue methods can be employed to effect a practical solution.

EFFECT OF GEOMETRY ON ALPHA®

The minority carriers (holes) flow in the base region primarily as
a result of diffusion. The diffusion equation tells us that the current
density in the base region is proportional to the gradient of the charge
density. Thus

I =-—qD,VP, (D
where q is the charge of a “hole,”” D, is its diffusion constant, and P is

the excess hole density, i.e., the hole density in excess of the thermal
equilibrium value. Taking the divergence of each side

divl =—qD,v?*P.

" See Moore and Pankove, Reference (4). For later work, see K. E.
Stripp and A. R. Moore, “The Effects of Junction Shape—Part II,” Proc.
I.R.E., Vol. 43, pp. 856-866, July, 1955.
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In the steady state, if there is no bulk recombination, div/ = 0 through-
out the solid, so that

VP =0, (2)

a well-known equation for which powerful solution methods are avail-
able.

Let us compare this Laplace equation with one similarly derived
for a conducting solid of bulk resistivity p. If ¢ is the potential.

i=—1/pVé, (3)

divi=—(1/p) V3¢ =0. (4)

We see, then, an analogy in which 1/p corresponds with qD,, and the
potential corresponds with excess hole density.

To solve either the transistor or its conducting solid analogue, the
boundary conditions must be set up. For the transistor, P — Py, a
constant over the emitter electrode surface and, for the usual highly
efficient collector surface P =0. In the analogue, corresponding sur-
faces are connected to a battery which places the emitter analogue at
a potential ¢, the collector at potential zero. At the free semiconductor
surface, if there were no surface recombination, there would be no
current flow into this surface; the electrical analogue is an insulating
surface. When surface recombination takes place, a current density
flow proportional to the total charge, qP, takes place

I=¢Ps (5)

whaere s is the proportionality constant, known as the surface recombi-
nation velocity. In the electrical analogue, such a surface current can
be caused to flow by placing many small electrodes over the entire free
surface, and connecting them through resistances back to the zero of
potential. If A is the area of each small electrode. and R the value of
each resistance, the surface current density is

1

t=—¢. (6)
AR

Simple division of the normal component of the general current Equa-

tions, (1) and (8) by the surface-current Equations (5) and (6)
shows that
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VP, ]
=—— ™
. P D,
Vs p
and = (8)
¢ AR

By making p/AR equal to s/D, the analogy is preserved. We could
solve the transistor equation, then, by building a solid conducting
model, attaching a battery and measuring the ratio of collector current
to emitter or base current.

Fortunately, the thin wafer geometry is such that the powerful
tools of two-dimensional analogue solutions, such as the electrolytic
tank or conducting sheet, can also be used. Figure 6 shows the cross
section of a transistor, together with a conducting sheet analogue. If
$/D, is made equal to p,/aR, where p, is the surface resistance of the
conducting sheet, and a is the length of each free boundary segment,
the analogy is approximately applicable. The current-flow lines of the
analogy are hole-flow paths in the transistor. To take into account the
circular nature of the actual transistor surfaces, we may find the current
density at each radius in the model and calculate the over-all emitter
and collector current by weighting each current density value by 2=r.
Thus the corrected total emitter current is

rl
i,= / 21, (r) dr,
1]

and the total collector current

i = / 2wriy (1) dr,
0

where r, and r, are maximum radii of emitter and collector electrodes.
The ratio %,/17, is «,, so that a,, is readily computed as well.

Although not employed in the present investigation, it is clear that
the resistance network analogy board!? would permit a direct measure-
ment of the cylindrical geometry; in addition, there is enough flexibility
to allow the introduction of bulk recombination effects by use of bleeder
resistors plugged in at intermediate points between emitter and
collector.

'2G. Liebmann, “Electrical Analogues,” British Jowrnal of Applied
Physics, Vol. 4, p. 193, July, 1953.
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Fig. 6—Two-dimensional analogy to transistor using a conducting sheet.
The transistor cross section is shown above, the analogy arrangement below.

Returning to the resistance-paper solution, Moore and Pankove took
data on a variety of geometries and surface conditions.! In Figure 7,
a hole-flow map for a typical transistor geometry is shown. One junc-
tion is 0.045 inch in diameter, the other 0.015 inch, and the minimum
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Fig. 7—Hole-flow maps with a surface recombination of 5000 centimeters

per second. The upper figure shows normal connection of emitter (0.015-

inch diameter) and collector (0.045-inch diameter) ; the lower figure shows

these connections reversed, i.e., collector diameter 0.015 inch, emitter diam-
eter 0.045 inch.
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separation is 0.001 inch. Two plots are shown, corresponding to normal
and reverse connections of emitter and collector. A surface recombina-
tion velocity of 5000 centimeters per second was chosen to correspond
with some early transistor data. The surface currents are clearly
delineated. The calculated collector-to-base « value was 8 in the normal
connection, but only 0.6 in the reverse connection.

If there were no surface recombination, the normal and reverse «
values would be the same. We arrive, therefore, at a very interesting
suggestion. By measuring the ratio of farward-to-reverse « values in
an actual transistor, we have a quantitative measure of the surface
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Fig. 8—Calibration of surface recombination for unsymmetrical transistors
with 0.015-inch emitter, 0.045-inch collector, 0.001-inch minimum junction
spacing and 0.0022-inch average junction spacing.

recombination. The electric analogue solution may be used to supply
the calibration curve.

Figure 8 shows such a calibration curve, calculated for a minimum
junction spacing of 0.001 inch (average spacing of 0.0022 inch), and
for the typical geometry with one 0.045 inch and one 0.015 inch june-
tion. In practice, transistors vary in both junction spacing as well as
surface recombination, and both factors affect «. However, measure-
ment of the emitter-to-base diffusion capacitance, to be discussed later
in this paper, permits an independent evaluation of junction spacing.
The forward-to-reverse o ratio, in conjunction with the diffusion
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capacitance, provides a means of quantitatively determining junction
spacing and surface recombination velocity, even in a finished and
already encapsulated transistor.

Many actual transistors have been measured, and it is found that
the surface recombination velocity varies from as little as a hundred
to many thousands of centimeters per second. Very instructive experi-
ments have been performed with a given transistor, open to the air, by
observing forward-to-back « values while the surface treatment is
varied.*

16 r

CURRENT AMPLIFICATION FACTOR, a cb

L L
O.l 0.5 1.0 5.0 10
RATIO OF COLLECTOR-TO-EMITTER AREAS

Fig. 9—Comparison of experimental and calculated values of a for p-n-p
transistor with various area ratios. Largest junction diameter is always
0.045 inch. Surface recombination is 5000 centimeters per second. Average
junetion spacing is 0.0022 inch.
A A calculated values
- Q0 ——0 — experimental values

Hole-flow maps for different transistor geometries have explained
the experimental results which showed the advantage of a large collector
area. In Figure 9, the dotted curve shows a series of early experiments
by Pankove in which alloy junction transistors were built with varying
geometry. Each point is the average of a number of units. It is seen
that highest « value is obtained when the collector area is about twice
that of the emitter. The unbroken curve shows the computed values
using the current-sheet analogue. Reasonable agreement is found.

It should be noted that lack of exact centering of the two junctions,
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in practice, favors a larger area ratio than the optimum one shown
in Figure 9. A 3:1 diameter ratio, therefore, has been widely used.
Because modern alloy transistors with a 3:1 diameter ratio are found
to have surface recombination velocities below 500 centimeters per
second, the « values are in the range up to a hundred. The difference
over early units is entirely due to improved etching and surface treat-
ment.

70
60}
sof
40
30+

20

CURRENT AMPLIFICATION FACTOR ach

1 1 i ’

o] 5 10 15 20 25
EMITTER CURRENT Jg (MA)

o

Fig. 10—Curve showing how « varies with emitter current in p-n-p alloy
junction transistor. Collector diam_ete}: 0.045 inch, emitter diameter 0.015
inch.

EFFECT OF EMITTER CURRENT ON ALPHA®

Up to this point, transistor current gain, «, has been discussed
under what might be called low-power conditions, i.e., the minority
carrier charge density in the base region does not greatly exceed the
donor concentration. In power transistors this is not always the case.
If the collector-to-base current-amplification factor of a typical p-n-p
alloy unit is measured, a curve similar to that shown in Figure 10 is
obtained when the emitter current is varied. Low-power operation is
below a few milliamperes and high « values are found. At high cur-
rents, the a value falls off substantially.

* The research referred to in this section was undertaken by W. M.
Webster, Reference (4).
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It is of interest to derive a relationship for « in terms of emitter
efficiency, surface and bulk recombination and then to examine how
these terms may vary when the emitter current density is increased.
To make the problem amenable to solution, suitable approximations will
be made, such as parallel-plane geometry; judicious interpretation
makes the results applicable to the alloy transistor as well.

In Figure 5 a junction transistor is shown. An input variation on
the base causes a collector current variation in the load, and we are
interested in the ratio of the two current variations. The direct cur-
rents are I, I, and I,. The emitter current is comprised of two parts,
that due to holes, Ig,, and that due to electrons, /g,

Ig=1Ig, + Ig,
With high emitter-to-base conductivity ratio, however,
IE = IEp‘

The base current is the sum of the three factors discussed in an
earlier section,

I, = Ih'c+IVI:+ISRr

i.e., the emitter electron current, I, the volume recombination current,
I, and the surface recombination current, Ig;,. Since «,, is the deriva-
tive of collector current with base current, its reciprocal is

1 ol oIy

ay Ol olg,

olg, Olyp Olgy

= ; 9)
olg, olg, ©olg,

The first of these terms is related to the ratio of electron-to-hole cur-
rent, having to do with emitter efficiency. The second term is the
change of volume recombination with emitter current and the third
is affected by surface recombination.

Simple first-order theory, for very small density of minority carriers

in the base region, gives us the three terms. Shockley and his co-
workers'® show that

13 W. Shockley, M. Sparks, and G. K. Teal, “p-n Junction Transistors,”
Phys. Rev., Vol. 83, p. 1561, July 1, 1951.
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ol g I, o, W
=—=—, (10)
aIEp IEp oELE

where o, and o are the base and emitter conductivities, W is the base
thickness, and Lg is the diffusion length in the emitter. Also from
Shockley and co-workers’ paper,'?

Ay 1[ W\2
==t — |]>» (11)

where L, is the diffusion length in the base. By a simple integration
of the diffusion equation, it can also be shown that?®

olgp sW A,

) (12)

ol,, D, A

where A,/A is the ratio of “effective” recombination surface area to
total emitter area and the other symbols are as used previously.

In this paper, it will only be possible to touch upon the highlights
of the work and no attempt will be made to complete the derivations.
However, we can readily understand the phyvsics of each of the three
terms. The first, Equation (10), represents simply the ratio of electron-
charge carriers to hole-charge carriers available at the emitter june-
tion. The second term, Equation (11), is an approximation to the solu-
tion of the one-dimensional diffusion equation and gives the loss in hole
current because the base thickness is an appreciable fraction of the
diffusion length. The final term, Equation (12), is proportional to
s/D,, as it should be, and also on the ratio of “effective” surface area,
A,, to emitter area, A, as might be expected.

In the alloy transistor, at low currents, the first term, Equation (10),
is about 10—3 and the second, Equation (11), is perhaps a little smaller.
The third term, due to surface recombination, is of the order of 10-2
and so predominates, as was already seen. However, the present pur-
pose is to re-examine the situation when the direct currents are greatly
increased.

Let us see how each term might be expected to vary when the
injected hole charge increases to the point where it greatly exceeds
the donor density in the base region. Charge neutrality requires an
equal number of free electrons to be present, and these are then greatly
in excess of the donors. As a result, the electron current through the
emitter junction, Ig, is no longer proportional to the original base
conductivity, o,, but is much larger. The effect is just the same as if



42 TRANSISTORS 1

we had apparently increased the base conductivity, i.e., modulated its
conductivity. Thus we see that the first term, Equation (10), increases
with emitter current and gives a drop-off of a.

Looking at the second term, Equation (11), it is possible that the
great excess of free electrons in the base, which accompanies our heavy
hole-charge injection, will increase the bulk recombination. This would
be the same as a decrease in L. If one assumes that “bimolecular re-
combination,” i.e., recombination proportional not just to the hole
density, but to the product of hole and electron density, sets in, the
decrease in a due to the second term varies in exactly the same way as
that of the first term; both may be thought of as due to an increase
in base conductivity. In any event, even if Equation (11) is not a
strong function of emitter current, the term of Equation (10) pre-
dominates.

The third term, Equation (12), requires a different interpretation.
Up to this point in the discussion, no electric field in the base region
has been included. All the current which flowed has been assumed to be
due to diffusion because of a hole-density gradient. When the hole
gradient becomes large, however, the electron gradient also becomes
large. This gradient would, in the absence of an electric field, cause
electron motion in the same direction as the holes. Since electrons
cannot escape at the collector, such motion immediately sets up its own
restoring force in the form of an electric field, which keeps the electron
density high towards the emitter, where the hole density is also a
maximum. Such an electric field aids the hole flow toward the collector
and, for very high hole injection, gives exactly twice the expected cur-
rent. It behaves just as if the hole diffusion constant, D, had doubled.

Naturally, if the hole flow toward the collector is augmented, that
towards the surface is decreased, and the surface recombination is
reduced. In fact, as indicated, D, doubles and surface recombination
is halved at high current densities. The term, Equation (12), then
leads to an increase in a with current.

It is now seen how, in the alloy transistor, high emitter currents
cause the first two terms of Equation (9) to increase in importance,
and the last term, originally predominant, to decrease in importance.
In place of the low-current expression, it can be found that,’

1 oW 1 /W \? sW As
= —— (=) |a+tH) +——g®I, 3)
()’ELE D A

ey - B P
Wi,
where k=———, (14)
AD,op
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and ¢ (klg) is a function which varies from unity to one half as klp
is increased. Figure 11 shows curves of the function which multiplies
the first two terms and that which modifies the last.

It is well to point out that Equation (13) interprets quantitatively
each factor in transistor design. The critical nature of W, which enters
into every term, even including the factor k, is to be noted. Since the
equation is also applicable to n-p-n transistors by interchange of sub-
scripts, a comparison of the two is in order. Examining k for ger-
manium, it is clear that p,/D, is about four times as large as u,/D,
which applies for the n-p-n type. The n-p-n transistor is, therefore,
considerably less subject to variation of a values with emitter current.
This had already been observed experimentally.

By substitution of appropriate numbers into the formula, and the
adjustment of the unknown constants so as to obtain a reasonable
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Fig. 11— (a) The function which changes the electron-to-hole current ratio
and the bulk recombination current when emitter current is increased.
(b) The function which changes surface recombination current when emitter
current is increased.

check with surface recombination, Webster made a calculation of a
against emitter current for a p-n-p alloy transistor.’ Figure 12 shows
the result, and excellent agreement between the experimental values
and the calculated values is found.

Figure 13 shows experimental and theoretical values for an n-p-n
alloy transistor. Although agreement is satisfactory for the large-
current region, the experiments show an even flatter curve than the
theory predicts at low currents. The discrepancy is believed to be due
to other factors not yet fully investigated. In this connection, it should
be mentioned that less is known of the alloy mechanism in the n-p-n
type which uses a binary impurity metal.3 There is also evidence that
use of a binary impurity metal for the p-n-p type gives a flatter « curve
than a single impurity. However, there is little doubt that, qualitatively,
the analysis correctly interprets the observed phenomena of decreased
a values with increase in current.
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HiGH-FREQUENCY PERFORMANCE AND THE EQUIVALENT CIRCUIT'

As with other electronic devices, there are high-frequency limita-
tions of the alloy junction transistor. A possible limitation may be
evident in the hole-tlow map, Figure 7. There are appreciably different
path lengths taken by the minority carriers in their travel from curved
emitter to curved collector. Such a limitation is not basic, as we shall
see, since junctions can be made reasonably parallel by variations in
the alloy technique.

Much more basic is the fact that the carriers pass from emitter to
collector by a diffusion process. Such current flow is relatively slow
and, in addition to an expected phase shift, causes a decrease in a values
as the frequency is raised. Much has been written about the so-called
“a cutoff” and it is, indeed, a basic limitation in transistors having no
electric field to assist flow through the base.

In the simplest, conventional alloy transistor, however, the decrease
in magnitude of « is only partly responsible for the reduced gain at
high frequencies. For this reason, it is better to consider an equivalent
circuit and then find the various component values by a combination
of intuitive and experimental approaches. A first clue was obtained
because junction transistor theory failed to predict accurately the static
characteristics of alloy junction transistors. In order to investigate
the cause of the discrepancy, the transistor admittances were carefully
measured.’* The first one chosen was that of the input, i.e., from the
base to the grounded emitter. A bridge was set up and, to observe the
degree of balance over a wide frequency range, a square-wave input
signal was used as shown in Figure 14(a). A balanced-input oscillo-
scope was used as null detector, and the transistor was operated with
normal bias supplies (collector by-passed to ground). For a typical
p-n-p alloy transistor, a network which balanced quite well over the
wide frequency range of the square wave is shown at Figure 14(b).
The large capacitance and its shunting resistance could have been
expected from junction theory as we shall see. The 350-ohm series
resistance, however, was unexpectedly high and obviously cannot be
ignored. Very little intuition was needed to find its source in the
transistor construction: the base connection was made through a sub-
stantial length of germanium, 7., Figure 14(c).

One must recognize that in the equivalent circuit, between the in-

* The research referred to in this section has been performed by
H. Johnson and L. J. Giacoletto.

41, J. Giacoletto, “Equipments for Measuring Junction Transistor
Admittance Parameters for a Wide Range of Frequencies,” RCA Review,
Vol. 14, p. 269, June, 1953.
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Fig. 14—Investigation of transistor input impedance: (a) Bridge for input
impedance measurement; (b) Network which balances a typical p-n-p
transistor; (c) Construction of transistor to show base-lead resistance;
(d) Effect of base-lead resistance on equivalent circuit.

ternal intrinsic transistor and the available external base lead, there
is a resistor of appreciable magnitude. Once this is recognized, and a
correction made, it is found that the internal transistor agrees with
predicted theoretical characteristics remarkably well, far better than
is common with electron tubes. In Figure 14(d) is indicated the ex-
ternal base connection, B, and the internal point, B’, which is inacces-
sible, but which truly represents the base connection so far as theory
is concerned.

We can now draw an equivalent circuit, as in Figure 15, and begin
to evaluate its components from theory. Let us start by considering
the emitter junction at such a low frequency that reactive effects are
negligible. We know that the current through such a junction, with
an applied d-c voltage V,, is
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Fig. 156—Equivalent circuit of alloy junction transistor.
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[ (%) ]
I,=1,| exp -1 1, (15)
kT

which is the conventional rectifier characteristic and ¢/kT is a constant
of about 39 V—1. For reasonably good transistors, most of this emitter
current flows to the collector, so that a small input signal will produce
a short-circuit output current and

310 aIE q
Im ="~ == == Ii,‘r (16)
oV, oV, kT

and we have then a value for the low-frequency part of our output
generator. Intuitively, we recognize that the base-to-collector admit-
tance is small, and we can then write down the input conductance,
Gin» 48

g{n — gm/acb, (17)

where «,, is our low-frequency current gain. This relation is almost
obvious from the definition of «.

At a somewhat higher frequency, reactive effects set in. The output
current generator has associated with it the time constant of the
diffusion process W2/D, which leads to both a time lag and an ampli-
tude loss. In terms of a hypothetical short input pulse, it is delayed,
spread out in time, and reduced in amplitude. The solution of the
diffusion equation, and use of the approximation that the frequency be
not too high, allows us to find an admittance, Y,, in place of the con-
ductance g,,, which is

Im
Yo= , (18)
1 + ju(W2/4D)

When a small voltage 8V is placed between base and ground, a
small current flows which charges up the base region. If the voltage
is removed, this charge must be swept out again. At low frequencies,
the effect is like a capacitance, and quantitatively it is much larger
than the normal Schottky-barrier capacitance. The total charge §Q
included in the base region is ir, where 7 is the “transit time” or dif-
fusion time. Thus the equivalent capacitance is §Q/8Vy and is

1

CC» —

ir
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However, the diffusion time r taken to traverse the base thickness W
is of the order W2/I). The correct solution of the equation, at least
for low emitter currents, is
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Cin = Ty— . (19)
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Fig. 16—Change of base-to-emitter capacitance with emitter current
showing the two linear regions.

The formula for C;, is well checked by experiment, so far as varia-
tion with 7, is concerned, as may be seen from Figure 16. At low
emitter currents, one finds a linear relationship with one slope, while
at higher currents the diffusion constant effectively doubles due to large
injected carrier density, as explained above. It is seen that the linear
relation again holds, but with half the slope. The experimental evidence,
therefore, confirms Webster’s predicted effect of an electric field in the
base.® Because of the direct relation shown in Equation (19) between
Ci, and W*, a measurement of this capacitance is a means of calculating
the base thickness W. This has been a standard procedure in this
laboratory. We speak knowingly of the base thickness, as if there were
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a direct measurement and, again, the data can be taken on a completed
and encapsulated transistor.

For a base thickness W = 0.002 inch, and a p-n-p transistor, the
diffusion time is

7= W2/2D = 0.28 microsecond.

This seems like a short enough time and, indeed, looking at Equation
(18), whose time constant has only half this value, this is altered ap-
preciably only when the frequency approaches 1 megacycle. But C,,,
for Iy 1 milliampere, and the same transistor, is calculated (and
measured) to be 0.011 microfarad and, using the measured value of
ruy of Figure 14(b), the time constant of the C,,r,, combination is
about 4 microseconds. It is concluded that a major frequency effect
is due to the input, since C,, cannot be compensated by tuning. It is
also to be noted that C,, is independent of junction area and very
critically dependent on the base thickness, W.

The equivalent circuit of Figure 15 uses a,;, as a basic low-frequency
constant for the transistor, as is done with the p of a triode electron
tube. Frequency effects are entirely attributed to constant capacitances
and conductances. This has many advantages over the use of a fre-
quency-varying « and it is, perhaps, unfortunate that the latter con-
cept is so prevalent. For the sake of completeness, however, it should
be recognized that Figure 15 can be used to calculate a frequency-
varying a., to be

(ace)o

o —_

“ 1+ ju(W2/2D)

in agreement with the accepted formula.

To resume inspection of the equivalent circuit of Figure 15, a basic
cause for g,,, and g,, is the change in position of the collector barrier
when the base-to-collector voltage changes.!® It is simple to make such
a calculation but not too important since surface leakage effects may
contribute to these conductances to a significant extent. For the pur-
poses of the present paper, these conductances are small enough to be
neglected.

The capacitance C,,, is that between collector and emitter and is
also inherently small enough to be neglected. In fact, diffusion effects
can be shown to lead to a small inductance in series with g,,,, so that,
at low frequencies, there is an inherent compensation of C,,,.

16 J. M. Early, “Effects of Space-Charge Layer Widening in Junction
Transistors,” Proc. I.R.E., Vol. 40, p. 1401, November, 1952.
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The capacitance C,, cannot be neglected. In the main, it is composed
of the barrier capacitance of the collector junction, but there is a small
contribution due to the change in barrier position with collector voltage.
Of the two significant capacitances this is the only one which depends
on junction area.

We shall now discuss the actual circuit values attained in a typical
alloy p-n-p junction transistor, then show how changes in design can
lead to a much improved high-frequency performance. Figure 17 shows
the construction, dimensions and the equivalent circuit of a transistor
which we shall here designate as the type TA 153 for convenience.? A
typical unit uses a 0.006-inch base wafer of 3 ohm-centimeter ger-
manium, with a round emitter of 0.015 inch diameter and an opposing

BASE LEAD ALLOYED

ro'o“ IN‘l _WITH INDIUM
p
X

; —t
E/Z/ M , 2 0.006 IN.
v —r'

38lcMm \W“-' 0002 IN.
GERMANIUM 0.015] 1k
3SHpF
35080 c
WA—s =
2M
100082 = 11000 é:&Q MA/YV
T##F
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Fig. 17—Typical type TA 153 p-n-p alloy junction transistor dimensions
and circuit constants at an emitter current of 1 milliampere.

collector three times as large. In practice, using pure indium as an
alloying element, the junctions have an average spacing, W', of about
0.0022 inch.

At an emitter current of 1 milliampere, collector voltage of 6 volts,
a typical « value of 39 is obtained and the 4 kilocycles maximum power
gain is about 40 decibels. Such a typical unit has the small-signal
circuit constants shown in Figure 17, all of which can be measured
readily. The base lead resistance is of the order of 350 ohms, the
diffusion capacitance about 11,000 micromicrofarads and the collector
junction barrier capacitance (plus its diffusion capacitance) is about
35 micromicrofarads. The resistance between collector and base is an
extremely variable quantity but a typical value is 2 megohms. The
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current generator has a transconductance of 39 milliamperes per volt
but, it must be remembered, this is with respect to the internal base-to-
emitter voltage, and not the applied voltage at the base terminal.

Let us examine the chief causes of poor high-frequency performance.
First, we would like to reduce the base thickness, W, because this
directly reduces the large diffusion capacitance. Then, since the ger-
manium resistance largely determines the base lead resistance, we
would like it reduced. Finally, the collector junction barrier capaci-
tance is reduced by cutting down the junction area, so this is desirable.
We shall now see how these principles have been applied to a recently
developed radio-frequency amplifier transistor.

Before describing this work, perhaps some remarks about other
high-frequency transistors are in order. The point-contact transistor
has been operated as an oscillator up to 400 megacycles,'® but point-
contact transistors are not well suited for amplifier use because of
instability. Other work has been done on “tetrode’” junction transistors,
and these have been used successfully as amplifiers at frequencies up
to the order of 50 megacycles.!” Their construction is inherently costly,
however, in comparison to the alloy transistors hitherto described.® ?
The research which we shall now discuss had as its objective the
development of an improved radio-frequency transistor by a practical
method which would retain the advantages of the alloy technique,

A NEwW RADIO-FREQUENCY AMPLIFIER TRANSISTOR*

Figure 18 shows a cross-sectional view of the new transistor. First,
it is noticed that, to reduce the base-lead resistance, a relatively thick
wafer (0.020 inch) has been used, and the germanium resistivity of
the base region is lowered to 0.7 ohm-centimeter. To allow a small base
thickness, the collector junction is alloyed inside a small well which is
cut into the wafer. This geometry has caused a five-fold decrease in
the base-lead resistance. To reduce the collector barrier capacitance,
the collector junction diameter has been reduced to one third. The
emitter size was also reduced, to retain the favorable geometry which
we have already discussed.

The most important improvement, however, lies in the means used
for obtaining reduced base thickness. Because the wafer at the point
of alloying is now extremely thin, and the junctions very small, accurate

16 F. L. Hunter and B. N. Slade, “High-Frequency Operations of p-Type
Point-Contact Transistors,” RCA Review, Vol. 15, p. 121, March, 1954.

17 R. L. Wallace, L. G. Schimpf, and E. Dickten, “A Junction Transistor
’II';5t§ode for High-Frequency Use,” Proc. I.R.E., Vol. 40, p. 1395, November,

* The research referred to in this section has been performed by C. W,
Mueller and J. Pankove, Reference (6).
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Fig. 18—Cross section of new p-n-p radio-frequency transistor. Dimensions
in parentheses are those of the type TA 153, for comparison.

parallelism and control of the alloy penetration is essential. To prevent
the relatively deep, hemispherical penetration which occurs when pure
indium is used, the indium is first separately alloyed with about 5
atomic per cent of germanium. This partially-saturated alloy, then,
can dissolve much less of the single-crystal base and penetrates less
deeply than would pure indium. Simultaneously, it leads to a more
parallel junction surface. The average junction spacing which can be
attained in this construction is about 0.0005 inch or less. Since some
of the important phenomena are associated with the square of this
thickness, the improvement in these phenomena is a factor of about
20 or more over the transistor type TA 153 of Figure 17.

In Figure 19, we compare the equivalent circuit for the new tran-
sistor with values obtained on the earlier type TA 153. These figures
are measured values and, although there are considerable variations
among different units, may be considered typical. It is seen that the
base-lead resistance is reduced by 5, the barrier capacitance by 3.5 and
the diffusion capacitance by about 20 times. The resistance between
collector and base, unfortunately, is not as high as that of the type
TA 153 transistor. As a consequence, although the value of « remains

opuu F(35)
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i}
O——WwWy d VW O
708} 0.2m8
(350) (2.0)
L 700uuF 3IoamMA/Y
100082 - 8 (39)
1665 (11000)
O— b & —O

Fig. 19—Comparisen of equivalent circuit of new radio-frequency transistor
with type TA 153 both at 1 milliampere emitter current. Figures in paren-
theses are those of type TA 153.
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about the same, the low-frequency gain is partially sacrificed. This is
not a heavy price to pay for the very great improvement in high-
frequency performance.

Figure 20 shows the measured power gain against frequency in a
simple unneutralized gain test set, in which the output only was con-
jugate-matched by tuning at each test frequency. The input was a
pure resistance. The unit tested was not quite so high in gain at low
frequencies as the type TA 153 transistor, but it is seen that appre-
ciable power gain remains (12 decibels) even at 10 megacycles. Both
emitter-input and base-input curves are included. The former con-
nection, in analogy to the grounded-grid triode, gives greater stability
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Fig. 20—Comparison of measured single-frequency power gain of a new
unit with estimated gain of typical type TA 153 transistor at /x — 1 milli-
ampere, V¢ = —6 volts. No neutralization.

at the expense of power gain. With base input, maximum gain requires
neutralization of feedback and conjugate matching. When this is done,
it has been found possible to obtain substantially higher gain than the
values measured in Figure 20 for the frequencies up to 1 megacycle.

The noise factor against frequency of one of the new transistors
is shown in Figure 21. It is there seen that the noise factor is quite
low for intermediate-frequency or broadcast-band operation.

Although the upper oscillation limit of a transistor, as with a tube,
is genetally several times higher than its useful frequency range as
an amplifier, it is one of the most convenient single numbers to specify
performance. Transistors of the new construction described herein
have an upper oscillation limit between 40 and 75 megacycles.
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AN EXPERIMENTAL ALL-TRANSISTOR PERSONAL BROADCAST SET"

Although it has been possible to build an all-transistor broadcast
set for some time, the performance attained with respect to sensitivity
and signal-to-noise ratio was not as good as that of tube receivers.
The new transistor just described, however, makes it possible to obtain
performance comparable to an all-tube set in the radio-frequency
characteristics, and exceed the performance of battery-operated all-tube
receivers in nearly every other respect.

Such a receiver has been built and is shown in Figure 22. It is
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Fig. 21—Comparison of noise factor with frequency for new radio-frequency
transistor. Base input. Iz =1 milliampere.

smaller in size than the battery-operated all-tube receivers being sold
in the United States under the designation ‘“personal portable.” It
has, however, a much larger loudspeaker, about twice the audio output
power and yet its low-cost battery of six ordinary flashlight cells will
last 500 hours.

The receiver has nine transistors and one temperature-compensating
junction diode. Six of the transistors are of the new radio-frequency
(r-f) amplifier type we have just described. The remaining three are
used for audio frequencies only. The signal is received by a ferrite-
cored loop antenna. Miniature intermediate-frequency (i-f) trans-
formers aid in keeping the chassis size small.

Figure 23 shows the circuit diagram of the receiver. There is a
ferrite-cored, oscillator, capacitor tuned in conjunction with the ferrite
loop. The mixer transistor has emitter injection of the osci]]a%or, and

* The research work referred to in this section has been performed by
L. E. Barton, “An Experimental Transistor Personal Broadcast Receiver,”
Proc. I.R.E., Vol. 42, pp.1062-1066, July, 1954.
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g d

Fig. 22—Photograph of experimental all-transistor broadcast receiver using
six of the new radio-frequency transistors, and three other transistors.
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Fig. 23—Circuit diagram of receiver shown in Figure 22.
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base injection of the signal. To provide the correct operating Q, the
loop tuner is transformed down by a small coupling coil to the base.
The three intermediate-frequency stages are operated at 455 kilocycles
and use the emitter-input circuit. Small, specially designed, single-
tuned, ferrite transformers provide both the selectivity and the proper
impedance match for the transistors. There are both a primary tap
and a small secondary winding. A stage gain of about 22 decibels is
achieved.

Automatic volume control (a-v-c) is obtained from the collector
circuit of the detector, which is another of the experimental transistors.
Although a-v-c is shown connected to the base of the second i-f stage,
it will be noted that variations of emitter current of this stage apply
variable bias to the first i-f stage. Thus two stages are gain controlled.
The audio system employs a driver stage, transformer coupled to two
push-pull class B output transistors. Over-all inverse feedback from
the output is applied to the low end of the volume control. The 9-volt
battery supply consists of six medium-size flashlight cells. The supply
is center tapped to permit 4.5-volt operation of the r-f amplifier tran-
sistors and to obtain the necessary d-c conditions for a-v-c and
detection.

The circuits are arranged to reduce temperature variations in the
transistors. This is achieved by current-limiting resistances in the
emitters, which tend to maintain constant emitter current. The mixer
has a self-bias feature which prevents excessive oscillator swing. A
special means is provided to give temperature stabilization for the
detector and the class B output units. This is done by means of a
junction diode, which has a similar temperature characteristic to the
collector-base circuit of the transistors. This diode is used in a
potential-divider circuit and provides a bias which changes with tem-
perature in the desired manner to maintain proper transistor operation.

The a-v-¢ characteristic compared with that of an all-tube receiver
is shown in Figure 24. The audio response curve, similarly compared,
is shown in Figure 25.

Comparison of Transistor Receiver with Battery-Operated Tube Receiver

Tube Transistor
receiver receiver
Sensitivity (12.5 mW output), #V/m 125 155
Relative noise, db 0 +4
Maximum audio output, mW 5 150
Loudspeaker size, in. 2% 3 4 X6
Over-all size, cubic inches 140 73
Over-all weight, 1b. 3.9 2.7
Total d-c power from batteries, mW 920 100
Battery life, hours 80-100 500

Battery cost per hour, cents 5.0 0.15
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Fig. 24—Comparison of a-v-c¢ characteristic of transistor receiver with
that of a small battery-operated tube receiver.
transistor receiver
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Perhaps of greatest significance are the characteristics shown in
the table. Of note are the sensitivity and signal-to-noise ratio, which
differ insignificantly from the all-tube receiver. The higher audio out-
put, improved quality of the larger loudspeaker, and reduced size and
weight of the all-transistor receiver are marked. The really significant
advantage, however, lies in the battery consumption, which is over 30:1
in favor of the all-transistor receiver.
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Fig. 25—Comparison of audio response of transistor receiver with small
battery-operated tube receiver.
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CONCLUSION

The research work of the writer’s associates, as summarized herein,
has led to a better understanding of the design parameters of the
alloy-junction transistor, both for low- and high-frequency operation.
Already this has led to an improved high-frequency transistor design
which permits the frequency range to be extended by a factor of nearly
a hundred over earlier units.



A SWITCHED-ZONE FURNACE FOR
GERMANIUM PURIFICATION

By

PAuL G. HERKART AND SCHUYLER M. CHRISTIAN

RCA Laboratories,
Princeton, N. J.

Summary—This paper describes a simple and improved apparatus for
purifying germanium by passing a molten zone along the charge of ger-
manium. In this method the heated zone is caused to travel along the charge
without mechanical motion of crucible or heater. This is done by enclosing
the charge in a series of separate resistance heating units which are indi-
vidually turned on and off by a timing switch. To increase the speed, three
traveling zones are used at one time.

This method is more compact than one using mechanically moved heaters
or crucibles and is more economical than r-f induction heating. The entire
unit, including power supply, occupies about 8 square feet, expends 4 kilo-
watts and produces 500 to 800 grams of intrinsic germanium overnight.
The switching circuit provides for repeated passes of the molten zone, as
many as desired, with no resetting or other attention.

THE ZONE-MELTING PROCESS

l germanium, makes use of a segregation effect in which impuri-

< ties tend to remain in the liquid portion of a freezing metal.
As ordinarily used, a hot zone passes along a boat-shaped erucible,
melting only a portion of the charge at any one time. Thus there is
mechanical motion, either of the boat or of the heater, so that there
is relative motion between the two. Such mechanical motion need not
take place.

WFHE zone melting, as first described by Pfann' and applied to

In the method described here this mechanical motion is replaced by
the application of power to a succession of several heaters lying along
the boat. This is done in sequence so that one or more molten zones
in the germanium progress along the length of the charge.

CONSTRUCTION OF THE FURNACE

Figure 1 shows the external appearance of the furnace. It consists
of 34 cells, of which one is sketched in detail in Figure 2. Each cell is
one inch long. The charge is melted in the graphite boat, 40 inches

'W. G. Pfann, “Principles of Zone Melting,” Journal of Metals, Vol. 4,
p. 151, 1952,

59
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long. This is kept in an inert or reducing atmosphere in the silica tube,
extending through all the cells.

The cells are separated by 4-inch-thick firebrick in order to pre-
vent the heat of one cell from melting the load in other cells at wrong
times. These separators also prevent the silica tube from sagging. A
hot zone occupies two cells, as described below.

Each cell contains a set of “GLOBAR” resistance heaters. The
GLOBARS are supported by the side brick. Along the top of this lies
a nichrome strip, from which spacer tabs extend down to hold the
separators in place.

The brick furnace floor rests upon two transite sheets, separated
by an air space and having their facing surfaces lined with aluminum
sheets to reduce radiation. The covering bricks leave an open slit
directly above the boat, serving three purposes: (a) to provide a view

O Bt i g e .
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Fig. 1—Front view of furnace. A refined ingot may be seen on the
table in front of the furnace.

of the molten material when necessary; (b) to hasten heat loss and
freezing of germanium in cells not being heated; (c) to provide cor-
rective heat loss so that the middle cells do not overheat. The opening
is about 14 inch wide near the middle of the furnace, tapering to
14 inch near the ends.

The furnace is supported in an angle-iron frame and pivoted at
one end to allow an adjustable slope. This is necessary because the
expansion of germanium on freezing tends to push material ahead with
the traveling zone. Tilting the forward end of the crucible about 2 de-
grees above the horizontal counteracts this effect and maintains a
uniform cross section in the ingot.
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ELECTRICAL CONNECTIONS

Rotating tap switches provide the means for heating the cells in
succession, and thus advancing the molten zone. The first two cells
have two GLLOBAR pairs each instead of one, so that the 34 cells
utilize 36 GLOBAR pairs and 36 tap connections. It is necessary to
supply this extra heat for initial fusion of the molten zone and to
correct for heat losses at the starting end of the furnace.

The 34 cells are arranged in three groups of 10, 12 and 12 each,
connected correspondingly and operated simultaneously. This forms
three separate molten zones moving in step. In a typical group the
taps are connected to GLOBAR pairs in the following order, “0” stand-
ing for “On” and “—” for “Off”.

NICHROME STRIP

SPACER TAB

SEPARATOR
SILICA TUBE

GERMANIUM

) G LOBAR
CARBON BOAT s

Fig. 2—Typieal cell.

Tap GLOBAR pair No.
No. 1 2 3 4 5 6 7 8 9 10 11 12
1 0 0 — — — - - - - =
2 0 0 — — = = = = =
3 — 0 0 =— = = e
4 - —_ 0 0 = v = =
5 _— = S ) = e e e —
6 — e = 0 ) e = = =
7 - = e = 2 a0 em e e e
8 —_ = = L = = = 0 0 = ==
9 = = s D0 e e
10 R L — — 0 0 =
11 = = — — 0 o0
12 g = = == = . - 0
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It is necessary to heat two cells for each position of the molten zone
to give overlap, so that the zone does not freeze before each new cell
has heated to the melting point.

Each pair of GLOBARS is connected in series to form a cell resistor.
To achieve the desired heating order, these resistors are in turn con-
nected in series to form a ring of resistors as indicated in Figure 3.
The junctions between resistors are attached each to two tap switches
as shown. For instance, with the switches in position 2, resistor R.
and R