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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unpublished material available within RCA, it was concluded that the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.
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BASIC TRANSISTOR DEVICE CONCEPTS
By

HARWICK JOHNSON

RCA Laboratories,
Princeton, N. J

Summary—The properties of a p-n junction 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. T'his 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, muliiplying 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-
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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+606+0+0+06+ ® - & - 6 -
+0+6+06+6+06+
C+60+0+60+6+0+ - & - & - @
+O0+O0+0+606+60+ > -
€+0+0+0+6+06+ ® - & - e -
+O0+0+6+06+06+
©O+06+606+6+60+60+ - & - & - o
©= IONIZED ACCEPTOR ATOMS @©= IONIZED DONOR ATOMS
+:= MOBILE HOLES — = MOBILE ELECTRONS
DEPLETION
I REGION
_F
©O+0+06+0+06 © |8 ® - o -
+O0+0+0+0+806 1 +
©O+0 +0+0+06 6, ® - o o
+O0+60+6+0+0 | +
O+0+06+6+0 © o e - @ -
+o0+0+0+0+0 |
o+e+e+r6+6 ol & - & - @
" +
T

POTENTIAL
(=]

b— 1t —

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
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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 erystal.
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 are, 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 icnized 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 n side of the junc-
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 junetion 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 ¢4,. 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,”

q
—

Do=D,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
Ho

I, =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 » 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)

3p
R, W ®
Sz

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 mow 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

Y4 k T b 0"1'2

I, =—qD,—=————————, (4)
% ¢ (1+b)? o,L,

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.

Hon q
0, =q (.“'p + .“'n) n; b =— y Py, = niz; oy =qu,n, ; p=——D,
Bp kT

By analogy the electron flow from the p region to the % region is
(Figure 3)
Ny kT b o2

Iy= — Dy e . )
L, g (1+ b)?2 Tp L,

The total counter flow of current under equilibrium conditions is then

kT b 1 1
Iszlgs+lns = — 0‘12 T + . (6)
qg (1+40b)2 o, Ly, o, L,

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

E.S. POTENTIAL ﬁ\\ Iy;

-9

INJECTED CURRENT ——» 1Ii= CONSTg kT 4
SATURATION CURRENT <« Ig=-q0p _’:—_n -qPOnMp
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 - 0 - REGION

.
Po= Ppe KT % 4

EXCESS HOLE
DENSITY

— Lp _—,{
Fig. 4—Injected hole current.

The hole current due to the injected charge density is simply

Do
I,=qD—
s

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

- L {pe—TF)
I, =constant X ¢ *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

q
I=I\ o’y (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-

e
S | R ¢

' BV I}o’

-9 (¢g-v)
Ij = CONST KT °

I -—
FROM Ij=1I5; V=0
q
rid

I=1I(e )

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

a
—V
(e“’ — 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 g !y

g=—=—1¢7T . (9)
8V kT
kT q
T Vy—,g=—-1.
q kT

If VO, 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),

1
I, I, o, L, o, L,
— = — (10)
1, L, 1 o, L,
o, L,

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
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o, Ly,

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 ¢, 3 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, = ¢Dp,/L,, as in Figure 6, then an equal compensating
charge density, n, = 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 Do -+ 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

Q
— (po—V)

(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

e,

Nge ¥ =1,
e

-—¢

From this e *T ° can be evaluated so that I, becomes approximately

P + N _q.V LZ’ LV
I.,,:ﬁlnse [ — <1+ I, Lnge *T (11)
Nd quNd

p -REGION -—|—_- n- REGION

- L ig-v)
_Po= Ppe KT °°

uy
0
%
3
(3]
nz
i EXCESS HOLE DENSITY
wo _ 0
;‘:, FOR Ip=19DFP,

Lp

X104
(Pt Ngle KT 7= ~V) | INCREASE IN
ELECTRON DENSH

INCREASED SLOPE [DUE TO Po

GIVES INCREASED -9 (-

ELECTRON _haesgle-va o

CURRENT 2 - Bafe)
e g Ja kp N

-

<l

=

&

G \ T”Q' M

o 1

v

w

Fig. 6—Excess charge densities for p-n junction where ¢, » o. and showing
how electron current in p-region is increased by injection of g, 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 (¥ + p,/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

I I oL, [ N
14 — Pg _ b4 (—d> . (12)
In Po i ‘TNLp p0+N11
1 + —') Ins

N,
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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.

BIpoLAR 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 conduectivity 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

= —
[ N P
" EMITTER BASE COLLECTOR|
15] IIc
T
Ve Ve
]
3 m—
: T
z
w
o Ve
a
o 4
Yo %‘_‘i_ Eamntae

Fig. 7—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 prinecipally 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 I, 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
junction, 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
junction 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 )
I,—=— a2 = e Ve 1
q (1+45b)2 o, oL, J\¢ -

KT b [ 1 « >
I == — o2 — Ve
¢ (1+0b)2 o, W (6 N |

1 1 L. \)
B (o-bW +0'0Lc> e *T 0—1/]

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

- (14)

1
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 ¢onductivity, ;. This is discussed
later.

q
coefficients of <e o ¥y are given in terms of hyperbolic functions

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 n 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,
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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—L,
2
The diffusion current is
8p Do
Iy=—qD,—=qD,—
S L,
P -~ REGION +— n =~ REGION

HOLE QENSITY FOR I+51I

HOLE DENSITY FOR I

EXCESS HOLE DENSITY

Ly ___,4"

Fig. 8—Hole density distributions in # region for ¢alculation of hole dif-
fusion capacitance.

Then
0Q 8Q 8p, 98I, L, L, q !
C = —_— = — == == = G—= = Ip
3V 8p, &8I, 8V 2 gD, kT
g L2
=——1, (15)
kT 2D,
where the a-c conductance
81, q
: =—1,
8V kT

was obtained from Equation (9).
An analogous expression exists for the diffusion capacitance for
the electron flow into the p region. The total diffusion capacitance 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 n 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 ¢,y o, This is shown in Figure 9, where the
depletion layer is considered to exist only in the » 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 x =z, the field at 2 is
given by Gauss’ Law as

47Q
61)dA =
surface K

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

4
&=

gN .

K

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

2rq
= Sdx = N, t2, (16)
K

so the barrier thickness is
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%4 17)

27wa,

The capacitance can then be determined by taking the incremental
change in charge with voltage, i.e.,
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Fig. 9—Figure for calculation of transition capacitance when oy 05,

which is the capacitance per unit area of a parallel plane capacitor
with electrode spacing t 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

Kitp b 1
P=m=—— | —+— 1V, (19)

where V is the total barrier potential including 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 is 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
12 =
dnqa

v, (20)
where @ is the net impurity density gradient.

SOME CONSEQUENCES OF VARIABLE BARRIER THICKNESS

Because the barrier thickness depends on the applied voltages, 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

ép
I=—qD,—,
Sz
1 1
]max — qupO S Imin = qupO -l
swW sw
W —— W+ —
2 2
Then
81 I..—L D, 1 8W 1 W
g=—= =q _— =] — 21)
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giving an approximate expression for the a-c conductance due to

modulation of the base width, W, by anapplied signal. As we have

seen earlier, the simple theory gave a conductance for a reversed bias
q

junction of the form e *7 . 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:

Do W Do sw
anx =q¢g—\\ W+ — s Qmin =q—- Wi ——
2 2 2 2

SQ Qmax—'Qmin aPo 74 I w2 1 W
sV sV 2 8V 2D, W 8V
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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-



20 TRANSISTORS I

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.
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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,

Do
I".\':_qu'_"
LP

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 crystal. Writing this in another fashion, using the relation
nig = nnpny

Dp n;?
Iyy=—q——,

L, n,

where 7; 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
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THERMAL [
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RELATIVE ACTIVATION ENERGIES
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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,
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where E is the “band gap” or activation energy shown re¢latively in
Figure 12. Although the numbers are relatively small in comparison
with n, in practical transistors, the variation with temperature, dye
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, I,, 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 struc-
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 »n 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 muech 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 hook 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

ES.

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 described. 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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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 june-
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.l® 11 Successful methods for making
transistor junctions may utilize a different technique involving alloying.
This has already been recognized® * 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 from Indium Solution,” RCA Review,
Vol. 15, pp. 78-85, March, 1954,

" 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. 485, July, 1949.

°R. N. Hall and W. C. Dunlap, “p-n Junctions Prepared by Impurity
Diffusion,” Phys. Rev., 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.

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

Layers in ‘Fused-Impurity’ p-n Junctions,” Phys. Rewv., Vol. 90, p. 630,
May 15, 1953.



NEW ADVANCES IN THE JUNCTION TRANSISTOR 29

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 crystal 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 3. 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 igs 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

1o

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 junc-
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, @, the ratio of collector-
current change to emitter-current change, and agy,, the ratio of collector-
current change to base-current change. We want a,, to be unity and
@, to be infinite. It is frequently most convenient to use a,, because it
is a more sensitive parameter than the other.

If «,, is to be large, every source of base current must be a minimum.
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 Jjuanction transistor.

n-type 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 108,
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 net fall above 5 microseconds, one must
assume that bulk recombination, again to a firgt 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.
It 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
«, 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 (xEOMETRY 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——¢D,vP, )
where ¢ 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

divI =—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.
LR.E., Vol. 48, 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

ViIP =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) v2¢ =0. (4)

We see, then, an analogy in which 1/p corresponds with gD,, 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=P,, 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, ¢P, takes place

I=¢qPs (5)

where 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

f===1, (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



NEW ADVANCES IN THE JUNCTION TRANSISTOR 35

vP, s
e ™
P D,
Vb
and e F (8)
é 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
s/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 sSegment,
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 2u.
Thus the corrected total emitter current is

rO
1y = / 2ari, (r)dr,
0

and the total collector current

1= / 2wri, (v)dr,
0

where 7, and r, are maximum radii of emitter and collector electrodes.
The ratio 1,/%, is a,, so that «; 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.

12G. Liebmann, “Electrical Analogues,” British Journal of Applied
Physics, Vol. 4, p. 193, July, 1953.
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COLLECTOR

RECOMBINATION
\J/ - SURFACE

EMITTER

?LENGTH= a
!

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

2 2 2 4 6 8 x10731IN. (RADIUS)
EMITTER \
COLLECT

Qce:0.89 Qcg:8

COLLECTO
il

EMITTER

':o

) | 7

Qcp=0.38 Qcg-0.6

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 forward-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 « 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 ¢

~

CURRENT AMPLIFICATION FACTOR, a ¢p
H o

1 1
[¢X] 0.5 [Re] 5.0 10
RATIO OF COLLECTOR-TO-EMITTER AREAS

Fig. 9—Comparison of experimental and calculated values of « 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
junction spacing is 0.0022 inch.
A A calculated values
— — O — — O — — 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 urnits is entirely due to improved etching and surface treat-
ment.
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EMITTER CURRENT Ig (MA)

Fig. 10—Curve showing how @ varies with emitter current in p-n-p alloy
junction transistor. Collector diam_ete}ll' 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 casé.
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, I, and that due to electrons, Iy,

Ip= IEp + IEe'
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,

Iy =Ig, + Iyp + Igg,

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

1 oI, ol

ap, ©lg  °Ip,
olg, ©olyp ©olgy
== it +

~ . (9)
oIy, oly, 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. 151, July 1, 1951,
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ol g, Iy, oW
= = , (10)
aIEp IEp (TELE

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

olpp 1/ W\2

oIy, 2\Lg

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

olgg sSW A,

al,, 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 physics 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 junc-
tion. The second term, Equation (11), is an approximation to the solu-
tion of the one-dimensional diffusion eguation 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—?
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, Iz, is no longer proportional to the original base
conductivity, o, but is much larger. The effect is just the same as if
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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 «.

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 Lj. 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 « 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 « 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 ean be found that,s

1 oW 1 /W \23 sW As
:[ +_<-—>](1+k1E)+_D—Zg(k1E)y (13)

Qcp opLp 2 B P

Wy,

where k= 5
ADpUB

(14)
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and g (klg) is a function which varies from unity to one half as kly
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 p,/D,
which applies for the n-p-n type. The n-p-n transistor is, therefore,
considerably less subject to variation of « values with emitter eurrent.
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 reasanable
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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 «
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.® 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
« values with increase in current.



44 TRANSISTORS 1

[r13
(=]

w0
[«

H
(o]

ol
(=]

N
(=]

CURRENT AMPLIFICATION FACTOR acp

)
L}

(o]

2

0 5 0 5 20 2
EMITTER CURRENT Ig (MA)
Fig. 12—Comparison of calculated e variation with experiment for typical
p-n-p alloy junction transistor.
calculated values
@) experimental values

I3
<

~
(&)

CURRENT - AMPLIFICATION FACTOR a ¢y

S50
251
(o} 1 L —| A 3
(o] -1 10 15 20 25

EMITTER CURRENT I (MA)

Fig. 13—Comparison of calculated @ variation with experiment for typical
n-p-n alloy junction transistor.

calculated values
— — (O — — experimental values



NEW ADVANCES IN THE JUNCTION TRANSISTOR 45

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-flow 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 « values
as the frequency is raised. Much has been written about the so-called
“q 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 fo 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, 7,5, 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.
14T, 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 junection, with
an applied d-c voltage V,, is

Che
—Hﬁ
BASE COLLECTOR
—— W —AW —
rBB'/ L 9bc L ) 9V
ine < m's
Vg ing 4L cin })Qouf {
AN _
EMITTER

Fig. 15—Equivalent circuit of alloy junction transistor.
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===
Ig=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

=] (16)

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

gm::gm/acb: am

where a,;, is our low-frequency current gain. This relation iz 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

Y, = In ) (18)
1+ jo(W2/4D)

When g 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 r is the “transit time” or dif-
fusion time. Thus the equivalent capacitance is §Q/8V and is

1
8V

ir

Cm=
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q
= gm(SVB)T:'_IET'

B i

However, the diffusion time r taken to traverse the base thickness W
is of the order W2/D. The correct solution of the equation, at least
for low emitter currents, is

q W
Cin= e F (19)
kT 2
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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 I 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 W2, 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

= W2/2D = 0.28 microsecond.

This seems like a short encugh 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 I = 1 milliampere, and the same transistor, is calculated (and
measured) to be 0.011 microfarad and, using the measured value of
rpp of Figure 14(b), the time constant of the C,,75, 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 pu 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 «,, to be

(ace)o
Qeg— " .
1+ jo(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.’s 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,,,.

15 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 SCLOYED

r_o_o‘,s S WITH INDIUM
i
0.006 IN.
=
38lem w ¥ 0002 IN.
GERMANIUM GOk
— —
35ppF
8
3500 ¢
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100082 <L 11000 é 39 MAIY
HRF
EMITTER

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 a 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 89 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 megacyeles,!® 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 NEW 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,

I R. L. Wallace, L. G. Schimpf, and E. Dickten, “A Junction Transistor
T;g;ode for High-Frequency Use,” Proc. I.R.E., Vol. 40, p. 1395, Nevember,
1 .

* 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
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Fig. 19—Comparison 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 Is — 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 generally 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 oscillator, 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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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. 283—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-c 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 75 150
Loudspeaker size, in. 2X%X3 4X 6
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-¢ characteristic of transistor receiver with
that of a small battery-operated tube receiver.

transistor receiver
— — — tube receiver

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. 256—Comparison of audio response of transistor receiver with small
battery-operated tube receiver.
transistor receiver (with feedback)
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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 inds-
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 germamium 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

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 crucible,
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.

THE 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.
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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 %-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

pmd > N

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; (¢) to provide cor-
rective heat loss so that the middle cells do not overheat. The opening
is about Y 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 GLOBAR 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
SIDE BRICK

SEPARATOR
SILICA TUBE

\

GERMANIUM
L G LOBARS
CARBON 80AT
Fig. 2—Typical cell.
Tap GLOBAR pair No. )
No. 1 2 3 4 5 6 Jf 8 9 10 11 12
1 0 0 — — — @ — - — = - = =
2 — 0 06 - — — - - - — - —
3 _ — 0 0 - - - - - - — -
4 —_ - - 0 0 — — - - - - —
5 —_ - - — .0 0 —-— — - - — —
6 = = = = 0 0 = = = — =
7 S T TR N R
8 B 0 0o — — —
9 - = - = = = = — 0 0o — —
10 _ — —_- = = = = = = 0 0 —
11 _  —_——_- = = = = = = = 0 0
12 0 — - — - - - — - — — 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 aghieve 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; are heated. One-fifth as much current also flows back through
the rest of the ring, losing a negligible 4 per cent of the heating power.

A special switch construction is required. 12-tap “OHMITE”
switches are mounted in tandem, with their stops removed to permit
continuous rotation. To provide quick and positive movement of the
switch from one position to the next, an auxiliary spring-action detent
(Figure 4) is inserted between the switch and the reduction gear of
the driving motor. The switch speed is one revolution in 45 minutes.

OPERATION

The boat charged with germanium is placed in the furnace so that
the charge begins in the second cell. This preheats the end of the
crucible and so aids in the initial melting of a zone. If power is applied
at a constant level, the germanium may not melt during the first pass
of the hot zone. This is permissible, since the furnace operates auto-
matically overnight, making an ample number of effective passes.

On stopping the furnace, provision must be made for the last zone
to travel to the impure end while no new zones start. Any unfinished
zones would leave impure spots in the ingot, and might form trouble-
some “sprouts” of expanding germanium where the zones freeze. To
prevent this difficulty, two 12-pole knife switches may be inserted in
the leads going respectively to the first two groups of resistors. With
these the power may be cut off from the first and second groups just
in time to avoid starting new zones. Or more simply, the operator
may progressively remove bricks from the top of the furnace, keeping
the charge frozen behind the last zone.

The power supply is a large adjustable autotransformer. By ad-
justing the voltage of this source, the length of the molten zone is
controllable within limits. About 35 amperes at 110 volts maintain
proper zone length. This may vary between 3 and 4 inches, depending
on changes of line voltage and of heat loss.
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DIsCcUSSION

Mathematical analysis of zone refining!? shows that the impurity
concentration should vary along an ingot approximately as shown by
the solid lines in Figure 5. The present crucible length is about 10 zone
lengths, and the effective distribution coefficient for native germanium
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Fig. 5—Resistivity of two refined ingots. x, initial charge about 10 ohm-
centimeters. ©, initial charge about 1 ohm-centimeter. Solid lines show
theoretical impurity distribution for this case.

impurities is about 0.2. The parameter N is the number of zone passes.
The plotted points show measured resistivity values on typical ingots
after 18 passes in an overnight run of the furnace.

The ingot represented by circles was produced from a 1,000-gram
load of rejected ingot tails with resistivity about 1 ohm-em. The
impurity concentration is related to the resistivity.? As the data indi-

2IN. W. Lord, “Analysis of Molten-Zone Refining,” Journal of Metals,
Vol. 5, p. 1531, 1953.

3P. G. Herkart and J. Kurshan, “Theoretical Resistivity and Hall Co-
efficient of Impure Germanium Near Room Temperature,” RCA Review,
Vol. XIV, pp. 427-440, September, 1953.
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cates, about half of the charge is purified practically to the intrinsic
range. A better charge yields about 75 per cent of intrinsic germanium.

The purity obtained is quite satisfactory for most purposes, so that
more elaborate development of the furnace was not worthwhile. For
higher purity: (a) the cell-length may be shortened to give zones
down to about 2 inches; (b) the furnace may be operated for a longer
time, though there is small advantage in more than 18 passes; (c) for
the greatest improvement, the furnace may be reloaded with a charge
of higher purity. Even with an infinite number of passes, there is a
finite impurity concentration at every part of the ingot, because not
all of the impurity can be restricted to the final zone to freeze. This
ultimate impurity concentration is proportional to the total impurity
- in the charge.

The efficiency of each pass is somewhat low, probably because of the
intermittent motion of the zones. Eighteen passes are more than are
necessary for usual purposes, but are a convenient number for an over-
night run.

Thus the switched-zone furnace is simple in construction and auto-
matic in operation. It is sherter than systems using a moving crucible,
and eliminates some problems involved in mechanical motion at high
temperature. It is much smaller and less costly to build or operate
than an induction-heated furnace of the same capacity. Several fur-
naces of this type have produced high-purity germanium with trouble-
free operation over a period of many months.



CONTINUOUS-PROCESS APPARATUS FOR
GROWING SINGLE-CRYSTAL GERMANIUM

By

HERBERT NELSON

RCA Laboratories,
Princeton, New Jersey

Summary—The development and testing of apparatus for growing con-
tinuous-process single-crystal germanium of controlled and uniform electri-
cal resistivity are described. This continuous process, using the Czochralski
technique, involves the stmultaneous feed-in of polycrystalline material and
the withdrawal of single-crystalline material. A mathematical expression
relating pertinent parameters to the electrical resistivity of the single
crystal is also given. With this expression as a guide, the technique described
lends itself to the production of crystals which are of a predetermined and
relatively uniform resistivity throughout the bulk.

GENERAL CONSIDERATIONS

HEN in early transistor work with germanium and silicon
st ; E&; it became evident that single-crystal material must be used
for best results, the Czochralski! method became the popular
technique for producing this material. By this method crystals are
grown from a melt by touching a single-crystal seed to the liquid
surface and slowly withdrawing it as new lattice layers are added to
it by germanium freezing out from the melt. One type of apparatus
for growing single crystals by this method has been described by
L. Roth and W. E. Taylor.2
Single crystals produced in this and similar apparatus provide
acceptable material for germanium transistors and rectifiers. These
crystals do, however, suffer from the limitation that they vary in
resistivity from one end to the other. Since, in general, the impurities
have lower solubilities in solid than in liquid germanium, the concen-
tration of these impurities in the melt and the rate at which they enter
the crystal lattice increase as more and more of the melt is incorporated
into the growing crystals. The end of the crystal first drawn from the
melt will, therefore, possess a lower impurity concentration and a
higher electrical resistivity than will the end drawn out last. A curve

1J. Czochralski, Z. Physik. Chem., Vol. 92, p. 219, 1918; G. K. Teal and
J. B. Little, “Growth of Germanium Single Crystals,” Phys. Rev., Vol. 78,
p. 647, June, 1950.

2Louise Roth and W. E. Taylor, “Preparation of Germanium Single
Crystals,” Proc. I.R.E., Vol. 40, p. 1338, November, 1952,
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indicating the typical resistivity variation obtained is shown in
Figure 1.

Since in the fabrication of semiconductor devices it is important
that as little as possible variation in material exist from unit to unit,
it follows that crystals more uniform in resistivity from one end to
the other are desirable. An apparatus for growing single crystals of
this type has been developed and is deseribed in this paper.
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Fig. 1—Variation in resistivity along length of single crystal grown by
original Czochralski method.

APPARATUS AND PROCEDURE

The apparatus which has been constructed and put into operation
is of the continuous-process type and is shown in Figures 2 and 3. It
consists of a horizontal vycor furnace tube 24 inches x 2l inches,
with two 18-inch x 1l4-inch vertical side arms supported in a W & B
No, 30 firebrick furnace and heated by “GLOBARS.” In the furnace
tube below the vertically placed side arms, a graphite boat is positioned
so that one of the two channel-connected pot-holes is centered with the
axis of each side arm. A germanium charge of 250 grams is placed
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in the graphite boat. A properly oriented single-crystal seed is clamped
in a stainless-steel holder which extends through a brass bushing
closing the top of one of the vycor-tube side-arms. The threaded
cylindrical rod which forms the upper part of the holder passes through
a mechanism for lifting and turning the seed holder.

Suspended above the second pot-hole in the graphite boat is a rod
of polycerystalline germanium which is clamped into a stainless-steel
holder extending through a bushing at the top of the second vycor-tube

Fig. 2—Photograph of apparatus for continuous-process production
of single-crystal germanium.

side-arm. This holder, after passing through a second guide bushing,
is attached by means of a wire cable to a lowering mechanism. The
open ends of the vycor furnace tube are closed by brass caps provided
with quartz windows for observation purposes. The brass caps are
also provided with gas inlets and holes for a thermocouple and an
auxiliary heater.

With argon mixed with about 10 per cent hydrogen flowing through
the system, the germanium is melted by heat supplied through the
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Globars. The molten germanium is elevated to a temperature of about
1000° C and maintained at this temperature for about 5 minutes. The
feed-in mechanism is then started to lower the polycrystalline rod of
germanium into the melt at a rate of about one millimeter per minute.

LIFTING 8 TURNING ~ |
MECHANISM

SEED HOLDER f
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VIEWING WINDOW

GRAPHITE BOAT

AUXILIARY
YHEATER

GLOBAR

Fig. 3—Cross-section of furnace shown in Figure 2.

A Wheelco™ temperature controller, equipped with XacTlinet anticipator
and means for high-low rather than on-—off regulation, is set to lower
and maintain the temperature of the germanium at a value just above
the melting point, 936° C. Temperature information is supplied to

* Trademark of the Wheelco Instrument Corp., Chicago, Ill.
T Trademark of the Claude S. Gordon Co., Chicago, IlI.



70 TRANSISTORS 1

the regulator by a thermocouple enclosed in vycor tubing and inserted
into the end of the graphite boat. To supply extra heat for melting
germanium from the feed-in rod, an auxiliary nichrome heater, enclosed
in vycor tubing, is inserted into the graphite baat below the feed-in
pot-hole. The seed, which has been preheated by holding it about 2
millimeters above the surface of the melt, is brought into contact with
the liquid germanium and withdrawal begun at a rate of 1 millimeter
per minute and with the seed rotated at 1 revolution per second. Final
adjustment of temperature is made to cause the single erystal to grow
at a desired diameter (usually 2 centimeters when germanium is re-
moved from the melt at the same rate as at which it is fed in).

CONTROL OF RESISTIVITY OF THE SINGLE-CRYSTAL MATERIAL

The apparatus and procedure described above can be used to grow
crystals uniform in resistivity throughout the bulk. If, for instance,
n-type single crystal is desired, the proper impurity concentration is
introduced into the melt to cause donors to enter the crystal lattice
under equilibrium growing conditions at a rate which produces the
required donor concentration in the single crystal produced. To keep
the impurity concentration in the melt constant, the feed-in material
is chosen to cause the introduction into the melt of donors at the same
rate as they enter the growing crystal.

To make possible control of the factors referred to above for the
purpose of predetermining the resistivity of single-crystal material
and for evaluating the effects of lack of perfect control under practical
operating conditions, a mathematical expression relating pertinent
parameters to the electrical resistivity of the single crystal must be
derived.

For this purpose let us assume that in producing single crystals
of predetermined resistivity we limit ourselves (as is for practical
purpose desirable) to the use of intrinsic germanium for raw materials,
and to the use of one impurity or “doping” element of the acceptor
type for the preparation of p-type material and one doping element
of the donor type for the preparation of n-type material. Let us further
assume that the contribution of the thermally produced carrier to the
conductivity of the germanium is negligible. It follows then, since each
impurity atom supplies one current carrier to the crystal lattice, that
the conductivity of the single-crystal material formed is directly pro-
portional to the density, n, of the impurity included in the lattice.
Considering also that this density is directly proportional to the
density, n, of impurity in the melt and that the factors of proportion-
ality can be determined for any particular impurity used, it follows
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that knowledge of n as a function of time will permit the calculation
of the resistivity and the variation in resistivity from one end to the
other of single crystals produced.

At the start of crystal formation and of feed-in, n = N,/V where
N, is the number of impurity atoms originally introduced into the
volume V of the melt. If, however, the rate at which the impurity atoms
leave the melt at the point of crystal growth differs from the rate at
which they are introduced at the point of feed-in, the total number of
impurities in the melt, N, will change with time so that, after an
increment of time A¢t,

N =Ny + (A4vm;— An,) AL, (1)
or

AN = (Apwm; — Amn,) Af, (2)

where A, v;, n, and A, v,, n, are the cross-sectional area, the feed-in
rate or growth rate, and the density of impurity atoms of the feed-in
rod and of the single crystal grown, respectively.

If the operating conditions are arranged so that A, = A and v, = v},
and if the symbol V, is substituted for both A, and A v,, then

AN = (V,n;, — V,ny) At, (3)
or, since
AN
An = ’
v

An Vin, Vo,
— - ] (4)
At 14 14

and since n, = kn, where % is the segregation coefficient of the impurity
used,

dn V., kn V.n;

dt 14 14

(5)

A solution of this differential equation with initial conditions taken
into account gives

Ny == (23
n=(n,——Jle ¥ 4+ —, (6)
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where 7, = density of impurity atoms in melt at t =0.
Since resistivity is inversely proportional to density of impurity
atoms, the performance of the requisite algebraic operations gives

P
pe= : (N

¥V ket

-

1+ [(koy/pe) —11e 7

where p,, p; and p, are, respectively, the resistivity of the material added
to the crystal lattice, of the feed-in material, and of the material used
for loading the crucible.

An inspection of Equation (7) indicates directly that for all values
of other constants, if p; = py/k, p, is independent of ¢ and is equal to
py but that if p; 54 po/k, the value of p, approaches p, only when ¢ be-
comes very large.

Furthermore, Equation (7) makes possible the calculation of the
value of p, required for any desired resistivity (below 10 ohm-centi-
meters) of the single-crystal material grown, and also the variation in
this resistivity with length grown, for cases where the resistivity of
the feed-in rod, p;, differs from the resistivity desired for the single-
crystal material.

At t = 0, Equation (7) reduces to p, = po/k. Therefore, if a donor
element for which k¥ = 0.005, is used for preparation of n-type ger-
manium, it follows that the value of p, to use for any particular p, may
be determined by the simple relation p, = 0.005 p,. If single-crystal
material having a resistivity of 2 ohm-centimeters is desired, for in-
stance, intrinsic germanium doped with this donor element to reach a
resisitivity of 0.01 ohm-centimeter must be used for the crucible melt.

The change with time of the resistivity of the germanium added to
the lattice of the growing single erystal may be calculated from Equa-
tion (7) by insertion of the numerical values for the constants involved.
For a typical set of operating conditions, these are

I = 0.005 Distribution coefficient of donor element in ger-
manium.

V,=0.8314 cm3/min. Corresponding to a single crystal 2 centimeters in
diameter and of feed-in bar, and a rate of feed-in
equal to the rate of erystal growth = 0.1 centi-
meter per minute.

V =170 cm3 Volume of melt in boat.
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po = 0.01 ohm-cm.

Equation (7) thus becomes

Py

Pe== ohm-cm. (8)
14 (0.5 p;—1) e—0.0000224¢

It follows from an inspection of this equation that for values of £ < 1000
minutes, ¢—0.0000224¢ jg yery nearly equal to 1, and that p, is equal to
2 ohm-centimeters and is, for practical purposes independent of p, for
values of this parameter greater than 2 ohm-centimeters. For p, = 40
ohm-centimeters, for instance, p, calculated from Equation (8) is equal
to 2.06 ohm-centimeters at ¢ = 1,000 minutes. It is possible, therefore,
by feeding in intrinsic or near-intrinsic germanium, to draw from
doped melt a total length of 100 centimeters of single crystal 2 centi-
meters in diameter before an appreciable increase in resistivity occurs.

In Figure 4, a curve calculated from Equation (7) is compared with
experimental data. In spite of the fact that the determinations of n,
and k are subject to error, and that maintaining V and V, coustant is
difficult during operating conditions, the correlation is good. Although
near-intrinsic germanium was fed in during the growth of the crystal,
its resistivity as shown by the data did not increase with time.

Results similar to those indicated above may be obtained when other
doping agents are used, if the values of k for these impurities are of
the same order of magnitude. As a consideration of Equation (8)
shows, t, the length of time of growth before a noticeable increase
(about 3 per cent) in resistivity occurs as a result of feed-in of near-
intrinsic germanium, varies with %, as indicated by the relation

. &
t =— — minutes.

If indium, k = 0.001, is used, for instance, for the preparation of p-type
germanium, ¢t = 5000 minutes. With regard to the abave relation as
well as with regard to prior equations involving the distribution co-
efficient k, a word of caution is in order. If erystal growth occurs under
conditions at which a pile-up of impurities occurs in the growth region
of the melt, as a result of insufficient agitation or of rapid solidification,
an effective rather than true value of & must be used. This effective
value can, of course, be empirically determined for any particular
condition of growth.
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DiscussioN

Single-crystal growing apparatus of the type described above have
been operated under laboratory conditions for an extended period.
Though the operation of these furnaces has not been trouble-free, it
has led to the production of many kilograms of single-crystal ger-
manium of excellent quality for transistors. By the use of single-crystal
seeds of different orientation, crystals have been grown in different
crystal directions, especially in the [100], the [110], and the [111]
directions. Growth in the [111] direction appeared most trouble-free
and, consequently a large majority of the crystals produced were grown
in that direction.
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Fig. 4—Variation in resistivity along length of continuous-process crystal.

Some early difficulties were: melt solidification at edge of the boat
crucible during crystal growth, twinning, and nonuniform distribution
of impurities throughout the single-crystal lattice. The first of these
difficulties, melt solidification, occurred as a result of the presence of
“cold spots” at the ends of the graphite boat which “saw” the relatively
cold end-caps of the vycor furnace tubes. To minimize these *cold
spots” and to eliminate their adverse effects, the following measures
were taken:

1. Introduction of heat shields between the ends of the graphite
boat and the ends of the furnace tube.
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2. Cutting of a slot in the furnace brick directly above the center
of the graphite boat to eliminate or reduce temperature gradient from
middle to ends of boat.

3. Use of GLOBARS having longer hot sections, and the placing
of these closer to furnace tube.

By resorting to the above measures, it was found that the melt
solidification difficulty could be eliminated but that a higher incidence
of twinning in the growing crystal resulted. Apparently the increase
in temperature gradient from the center of the melt to the hotter pot-
rim, which led to the elimination of one difficulty, was a factor in
bringing about the presence of another. The two upper GLOBARS
were, therefore, placed slightly higher with respect to the melt surface,
and provisions were made for greater conduction of heat away from the
growth region of the melt through the single crystal. These changes
resulted in a lower radial thermal gradient over the melt surfaces and
a higher gradient in the very region of crystal growth, and brought
about reduction in the incidence of twinning to the point where it was
negligible.

In connection with work done to modify the thermal gradients in
the furnace, the observation was made that the degree of inhomogeneity
in the distribution of impurities in the crystal lattice was greatly
affected by these modifications. When in early work with the furnaces
a relatively high thermal gradient existed hetween center and ends of
the graphite boat, and when the crystals were grown at a low rate of
rotation, 1 revolution per minute, a cyclical variation in resistivity
(striations) occurred along the length of the crystal® Since crystal
growth is more rapid at the relatively cool side of the melt, rejection
of impurities by the growing lattice tends to be diminished due to
“pile-up” of rejected impurities in this region. Lower resistivity mate-
rial is, therefore, added to the lattice on the “cool” rather than on the
“hot” side where the crystal growth is lower and less increase in con-
centration of impurities occurs. To eliminate or minimize this non-
uniformity in impurity distribution, the rate of crystal rotation was
increased to 60 revolutions per minute to effect better mixing. As a
consequence, the striation-type of inhomogeneity was greatly reduced.

The observation was also made that the thermal gradient conditions,
which led to melt solidification when “cold spot” regions existed in the
furnace, led to spurious resistivity variations along the length of the
single crystal and also along its cross-sectional diameter, even at a
high rate of rotation of the growing crystal. These types of nonuni-

3P. R. Camp, “Resistivity Striations in Germanium Crystals,” Jour.
Appl. Phys., Vol. 25, p. 459, April, 1954,
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formities were found to be greatly minimized after the modifications
to optimize thermal gradient conditions in the furnace were effected.
Before-and-after results are shown in Figure 5.

The work done to optimize thermal gradients in the furnace was
carried out on a qualitative rather than on a quantitative basis, and the
above paragraphs should be interpreted accordingly.

With regard to the rate of single-crystal “pull-out,” higher rates
than 1 millimeter per minute have been used experimentally but some-
times led to exaggerated melt solidification and twinning difficulties.
It appears, however, that optimization of thermal gradients in the
furnace will make higher rates of crystal “pull-out” practical.

; A BEFORE OPTIMIZING THERMAL GRADIENT (S.C* 109]
. © AFTER 3 y . (nCH 67
(8]
s 4
x
|9,
= 5 11| 9 1A ra
N
= L~
>
£ o2 A //d
2 -
8 4 ol
[/ \\E B
, A
J
.05 10 A5 .20 .25 30 .35 40 A5 .50

DISTAMICE FROM END OF BAR CUT PERPENDICULAR TO CRYSTAL AXiS IN INCHES

Fig. 5—Radial variation in resistivity of continuous-process crystal.

As has been suggested, the close control of the temperature of the
germanium melt is important for the maintenance of optimum oper-
ating conditions. A very small change in the temperature (1 or 2°C)
of the growing crystal surface will materially affect the rate of growth
and upset the desired equilibrium conditions. For this reason manual
control of the temperature was used to supplement automatic control
furnished by a voltage regulator and a Wheelco temperature regulator.
Since supplementary manual temperature control was needed only be-
cause of the change in the temperature loss which oceurs as the growing
crystal is gradually pulled away from the melt surface, it follows that
proper programming of the temperature regulation can effectively
replace supplementary manual control.



THE PREPARATION OF SINGLE AND MULTIPLE P-N
JUNCTIONS IN SINGLE CRYSTALS OF GERMANIUM

By
A. R. MOORE

RCA Laboratories,
Princeton, N. J.

Summary—A method and an apparatus are described for the prepara-
tion of junctions in crystals of Germanium. The composition of the melt
from which a crystal grows is changed suddenly by rotation of a carbon
block containing several melt compositions. A system of canals and valves
keeps the crystal growing and minimizes mixing of the melts during the
change-over. In principle any number of junctions between germanium of
arbitrary composition can be formed.

INTRODUCTION

HE preparation of single crystals of germanium by the Czoch-
ll ralski technique has been discussed in the literature by Teal and
Little.! With suitably designed furnaces it appears that this
method permits the growth of crystals which are very nearly perfect
and have minority carrier lifetimes in excess of 1000 microseconds.
P-N junections and junction transistors have also been described®® and
their physical and circuit characteristics investigated. However, there
have been few publications on the details of the technique of making
such junctions in growing single crystals. This paper deseribes a
furnace and a method for the laboratory preparation of junctions in
a growing crystal, whereby the conductivity type (p or n), resistivity,
and dimensions of the various sections can be controlled.

The principle of operation is that the composition of the melt from
which the crystal grows is changed during growth in such a way as
to incorporate n or p type impurities into the grown section. During
the process, as the germanium is changed from n to p to n type, the
crystal grows continually, and does not lose contact with the liquid
germanium surface.

1G. K. Teal and J. B. Little (A), “Growth of Germanium Single
Crystals,” Phys. Rev., Vol. 78, p. 647, June 1, 1950.

?'W. Shockley, M. Sparks, and G. K. Teal, “p-n Junction Transistors,”
Phys. Rev., Vol. 83, p. 151, July 1, 1951.

3R. L. Wallace and W. J. Pietenpol, “Some Circuit Properties and
Applications of n-p-n Transistors,” Proc. I.LR.E., Vol. 39, p. 753, July, 1951.

(i
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DESCRIPTION OF THE APPARATUS

Figure 1 shows a furnace design which has been found suitable for
junction preparation. The design illustrated is used mainly for n-p-n
structures but it will be seen that single p-n junctions can also be
made, and the method can be extended to any multiplicity of junctions.
The furnace is composed of a 3-inch diameter quartz or vycor tube,
(1), set vertically in a firebrick box. The heating elements, (2), are
six vertical Globars™ disposed symmetrically about the vertical quartz
tube and supplied with power by means of a Variac’ and some type
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Fig. 1—Crystal-growing furnace.

of constant temperature control system. For short-length crystals,
which are grown in a relatively short time, control by constant-voltage
transformer is satisfactory; long crystals require thermocouple feed-
back-type control, inasmuch as the temperature must be held constant
over long periods of time. During the growth period, the temperature
is held within 1 degree C of the growth temperature. A rare gas
atmosphere such as argon or helium is maintainéd in the tube to

prevent oxidation. Radiation baffles at the top and bottom cut down
heat loss.

The seed holder, (8), is a stainless-steel rod that goes through a

* Trade mark of the American Resistor Corp., Philadelphia, Pa.
t Trade mark of the General Radio Co., Cambridge, Mass.
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hole in the upper plate and radiation baffles. It has a single crystal
of germanium of known crystallographic orientation fastened to its
lower end in such a position that it can be lowered until the seed just
touches the liquid germanium in the crucible. The mechanism for with-
drawing the seed at a controlled rate is not shown; it is a geared clock
motor and pulley system winding a phosphor-bronze wire fastened to
the upper end of the seed holder onto a drum.

The most important part of the furnace is the crucible, shown in

GERMANIUM POT

VALVE WITH
CHANNEL

)
T 4l

Fig. 2—Carbon crucible.

detail in Figure 2. It is a block of carbon 214 inches in diameter with
three pots for germanium drilled into its surface 120 degrees apart.
These pots contain germanium of the proper conductivity type and of
such impurity concentration that, after allowance is made for the
normal segregation of impurities* during crystallization, the drawn
crystal will have the required resistivity. The pots are connected by
shallow canals. The liquid germanium from adjacent pots is prevented
from flowing together through these canals by a set of rotatable carbon
valves, one for each canal. These valves have channels cut into their

¢C. H. Desch, Metallography, Longmans Green and Co., 1944; p. 146.
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surface so that when the channels are rotated to be perpendicular to
the canals the pots are effectively isolated; when they are rotated
through 90 degrees the canals are connected by a stream of germanium.
The rotation of the valves is done by means of the valve stems which
extend through the crucible and protrude out of the bottom of the
furnace as shown.

The three radial channels connecting each valve to the center hole,
as spokes of a wheel to the hub, are for the purpose of preventing
contamination of adjacent pots during the time interval that the valves
are turned so that the canals conneet. The bottom of each valve channel
has a slight pitch, so that when it is turned perpendicular to the canal,
all germanium in the valve, which includes the intermix zone in the
liquid germanium, is dumped into the center hole. This hole collects
all contaminated or intermixed material, which is later returned to a
germanium purification unit, not part of the equipment under discus-
sion. If the operation of rotating the valves is done rapidly enough
the pots of germanium remain essentially unchanged in composition.

OPERATION OF THE APPARATUS

In typical operation, pot I is filled with 1-2 ohm-em n-type material,
pot IT with 0.05-0.1 ohm-cm p-type material, and pot III with 0.001
ohm-cm n-type germanium. To prevent the possibility of contamination
due to melt-off from the grown crystal, the junctions are always grown
from the purest germanium first. Then a small quantity of melt-off
has little effect on the next pot which has a much higher concentration
of impurities. The crystal is started in pot I with all valves closed.
After a suitable length of material has been grown by raising the seed,
the crucible is rotated by a motor-driven mechanism to the next pot
position, while a cam opens the valve as the crystal passes through
and immediately closes it again after passage. The germanium left
in the valve is emptied into the center hole. The entire operation of
transfer from pot to pot takes about one second. The width of the
central p-type region is adjusted by controlling the time the.crystal
is allowed to remain in pot II. Then the operation is repeated and a
length of erystal is grown from pot ITI. With melts of the type specified
above, single-crystal junctions can be made with the resistivities of
the respective sections: 5-6 ohm-em, 0.2-0.3 ohm-ecm, 0.005-0.01 ohm-cm.
The central p-type region has been made as thin as several mils, with
a normal pulling rate of 1 millimeter per minute. For the thinnest
p-type regions (about 1 mil) the pulling rate can be reduced to .2
millimeter per minute during growth in pot II.
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b 3
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Figure 3 is a photograph of one such crystal in which the p-type
region has been made visible by cutting the crystal longitudinally and
by differential etching of the surface. In this crystal the p-type region
is about 1.5 mils thick. Figure 4 is a potential plot along another
crystal when the ends are held at a fixed difference of potential of 0.5
volt. The location of the junctions can be clearly seen. In this case the
central p-type region was made about 15 mils thick so that a potential
probe plot could be obtained.
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Fig. 4—Potential plot along a crystal showing the location of the junctions.



TRANSISTOR FABRICATION BY THE
MELT-QUENCH PROCESS*t

By

JACQUES I. PANKOVE

RCA Laboratories,
Princeton, N. J

Summary—A small cylindrical germanium crystal doped with donor and
acceptor impurities of different segregation coefficients is partly melted,
then caused to freeze rapidly. Due to the impurity segregation effect a p-n
junction is formed at the stopping level of the liquid—solid interface. As
the freezing process is accelerated, quenching occurs and impurity segrega-
tion can mo longer take place. This produces a second p-n junction very
close to the first junction. It is shown that most of the heat is dissipated
by conduction through the crystal. Neglecting convection and readiation
losses, the freezing rate in a typical structure can be greater than 0.85
centimeter per second. It is found that the whole structure remains a single
crystal after such a treatment.

INTRODUCTION

bar junctions suitable for use in transistors. In this “melt-

quench” process of transistor fabrication, a small bar of suitably
doped germanium is partially melted, then caused to freeze very rapidly.
Two closely spaced, plane-parallel p-n junctions can thus be formed in
a matter of a few seconds. Since these junctions may be designed to
have a variety of electrical properties, the melt—quench process promises
to be applicable to the fabrication of a variety of devices. The sim-
plicity and rapidity of this process appear attractive for exploitation
in low-cost mass production of transistor devices. However, this pos-
sibility has not been fully evaluated.

THIS paper discusses a novel method of making in a germanium

A method of making n-p-n junctions by melbting back and then
slowly refreezing has been described by Pfann.! In the present paper,
however, refreezing is done very rapidly. As a result, greater control
of junction parameters is possible.

PRINCIPLE OF JUNCTION FORMATION

As shown in Figure 1, a bar of germanium containing a concentra-

* Parts of this paper appeared in Proc. I.R.E., February, 1956.

T This material was presented at the IRE-AIEE Conference on Semi-
conductor Device Research, Philadelphia, Pa., June 20, 1955.

1W. G. Pfann, “Redistribution of Solutes by Formation and Solidifica-
tion of a Molten Zone,” Journal of Metals, Vol. 6, p. 294, February, 1954.
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tion of N; donors and N, acceptors is melted from the right, so that
the liquid-solid interface is at X, At this stage in the process the
impurity distribution is not altered. The detail of choosing the im-
purities will be described later. Let K; and K, be respectively the donor
and acceptor segregation coefficients. For the present, consider that
N, > N, (the crystal is n-type) and that K; < K, (N,/Ng).

The melt is caused to freeze at first slowly, then very rapidly.

i
_“MELT" p-n JUNCTION ||
i

{—"QUENCH" p-n JUNCTIONII
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Fig. 1—Impurity distribution in the melt—-quench process.

During the period of slow growth, the impurities are trapped according
to the rules of impurity segregation. Consequently the initial impurity
concentration is such that K,N, > K;N, and the recrystallized material
is p-type, thus forming a p-n junction. This junction will be referred
to as the “melt junction”.

If the crystal were allowed to continue to grow slowly as described
by Pfann,? the concentration of donors in the liquid would increase
more rapidly than the concentration of acceptors. Eventually the
donors would predominate and a second junction form. The impurity
concentrations and their segregation coefficients determine the spacing

2 W. G. Pfann, “Segregation of Two Solutes, With Particular Reference
to Semiconductors,” Journal of Metals, Vol. 4, p. 861, August, 1952,
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between the junctions as well as the conductivity of the emitter and
base regions, thus also influencing the emitter injection efficiency.
While theoretically any two of these parameters may be chosen arbi-
trarily; in practice it is difficult to adjust them independently especially
in a structure requiring high base conductivity — such as would be
needed for high-frequency operation.

In the present process after a short period of slow regrowth, the
crystal is caused to grow rapidly (quenched). This occurs at X, in
Figure 1 thus determining the spacing between junctions. Upon
quenching, the impurities cease to segregate and the donors again
dominate. The p-n junction produced upon quenching will be called
the “quench junction.” Since the thermal treatment (quenching) de-
termines the spacing between junctions the impurity concentration
can be chosen independently to satisfy the requirements of good injec-
tion efficiency and low base resistivity. This separation of parameters
controlling the junction spacing and injection efficiency allows a free-
dom of design not attainable in a slow growth process alone. If the
slowly grown region is small compared to the guenched region, the
impurity concentration in the quenched region is almost identical to
the initial concentration in the crystal.

Quenching to form the second p-n junction is done very rapidly,
and it might be expected that the quenched region would be polycrystal-
line. This does not turn out to be the case. X-ray examination shows
the quenched region to be a continuation of the single crystal.

Design Criteria

The following reasoning is applied to the design of an n-p-n unit.
Analogous reasoning can be used for a p-n-p unit.

Since the unmelted region, i.e., the starting material, is n-type,
Ny;> N, (1
and the conductivity of this region is
o= (Ng—Ng) Qitn, (2)

where g and p, are the electronic charge and mobility, respectively.
If g denotes the fraction of the liquid that has solidified, then

x—xo
g =- ’
Xy — Zg
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where z, is the length of the bar.
In the slowly freezing region the impurity distributions (1, 74)
are then given by

ng(2) =K,N, (1 —g)E,~1
g () =K;Ny; (1 —g)Ea—L
But if the slowly grown region is small compared to the volume of

liquid, i.e., g « 1:

1, () zKaNa} (3)

ng(x) ~ KNy
Since the slowly grown region is required to be p-type it is required that

1, () > ny(2),
and therefore from Equation (3),

KN, > K;N,. 4)
The conductivity in the p-type region is

Oy = (KaNa_Kde) q:“‘pv (5)

where p, is the hole mobility.
To summarize (1) and (4), the important condition to be satisfied is:

KNy
Ng>Ng> ; (6)

a

This result has also been presented by Pfann,! but is reproduced here
for completeness.

For closely spaced junctions and neglecting impurity pile-up due
to segregation, the conductivity of both n-type regions is the same.
Thus the units should be nearly symmetrical. For an efficient injection
0,/e, should be made high. That is,

Oy (Nd_Na) Hn
Tp (KaNa - Kde) My

» L. (D

Substituting (4) into (7), it is found that



86 ' TRANSISTORS 1

K,
—« 1 (8)

a

Although (£, is satisfied by (6), the greater the inequality (8), the
better the injection efficiency of the emitter will be.

The melt junction is always abrupt. The quench junction is abrupt
also, but may be gradual if the growth rate is suitably controlled
during the junction formation.

THERMAL PROCESS
Thermal Characteristics
The thermal properties of germanium which are of importance
here are given in Table I where they are also converted into units
convenient for the case of a cylinder 30 mils in diameter.

Table I — Thermal Characteristics of Germanium

Values for a cylinder

Property Basic Values 30 mils in diameter
Heat of fusion? 8,000 cal/At gr 2.68 cal/em
Specific heatt 0.074 cal/gr °C 1.8 X 10—3 cal/em °C
Thermal Conductivity’ 0.1 cal/sec em °C (1/2.2) X 10—3 cal em/°C
Emissivity® 0.1

The above data shows that at the melting point there is somewhat
more heat stored in heat of fusion than as specific heat.

Temperature Distribution

Since the present thermal treatment is a dynamic process (as con-
trasted with an equilibrium process) and involves a varying boundary
condition (motion of the liquid-solid interface), the exact heat-flow
problem is very difficult to solve. However, much has been learned by
an approximate approach. The model considered here is one-dimen-

3S. E. Bradshaw, “Phenomena Observed in the Melting and Solidifica-
tion of Germanium,” Journal of the Electrochemical Society, Vol. 101, p. 293,
June, 1954.

4 Handbook of Physics and Chemistry, Chemical Rubber Publishing Co.,
33rd Edition, p. 1874.

5A. Grieco and H. C. Montgomery, “Thermal Conductivity of Ger-
manium,” Phys. Rev., Vol. 86, p. 570, May, 1952, Estimated also to be
0.1 cal/sec em °C in liquid by applying the Wiedemann-Franz law.

6 Estimated from comparison with values for other elements.



MELT-QUENCH PROCESS 87

sional, has a perfect heat sink and for further simplicity its thermal
conductivity is independent of temperature.

Melting

In the melting process, heat is fed at one end of the germanium
filament from a high-temperature source while the other end is kept
at a nearly constant low temperature, T;,. The time constant for the
heat-diffusion process in the solid is small compared to the duration
of temperature rise at the heater. On the basis of a lumped RC repre-
sentation, the diffusion time constant comes out as 0.04 second; a
distributed representation, which is more accurate, would give a
shorter time constant. The time constant for the actual heating
process, which in addition to supplying heat for the diffusion process
also supplies heat of fusion, measures in the order of 0.3 second. Here
it can consequently be assumed that heat flow is instantaneous. There-
fore, as the temperature at the heated end rises up to the melting
point, T4 p, the temperature is linearly distributed along the length
of the crystal if the thermal conductivity is constant. As the heated
end reaches the melting point, heat of fusion is supplied to the liquid
solid interface in addition to the heat flow necessary to sustain the
thermal gradient. In other words, more heat enters the heated end
during the melting of the bar than goes out to the heat sink during
this period. Consequently a larger temperature gradient exists in the
liquid than in the solid. This is shown in Figure 2. At equilibrium,
the liquid—solid interface is stationary, no heat of fusion is supplied
and the temperature gradient is uniform. The rate of heat flow in

the solid is
aqQ ar
= =cA|l — |, (9)
at g dr /g

where o = thermal conductivity, A = cross-sectional area through
which heat flows. In the liquid, the rate of heat flow is

(dQ) dQ dx aT
g :<*> +HA<_>:<,A<__>, 10y
a /. dt /s dt dz /1,

where H = heat of fusion; dz/dt = velocity of the liquid-solid inter-
face. Since in practice the equilibrium condition (liquid-solid inter-
face at z, = 0.1 centimeter) is reached roughly 0.5 second after melting
begins, the following evaluation can be made:
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dx
= > =0.2 cm/sec,
dt average

dT 1000
— |} =——=10*°C/cm, (11)
dz /g 0.1

where the liquid—solid interface is taken to be 1000 C° above the heat
sink.
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Fig. 2—Temperature distribution in eylinder during melting process.

Substituting (11) into (9) and using the converted data of Table I,

an 10--3
—_ = X 10* = 4.55 cal/sec = 19 watts. (12)
at )y 22
dz
AH — =2.68 X 0.2=0.536 cal/sec.
dt

Substituting into (10),

dQ
—_ =4.55 4+ 0.54 = 5.09 cal/sec,
dt Lave
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dT 1/ dQ
A A =1.12 X 104 °C/cm.
Az Jine oA \ dt Jige

Comparing this with (11) shows that the average increase in temper-
ature gradient to produce fusion is only about 10 per cent.

The above description neglects radiation and convection losses which
require that the temperature gradient be a function of temperature
and largest at the hottest region. A rough estimate of the heat lost
by radiation, W, can be made as follows:

Wep=¢kA (T*—Ty*), (13)

where ¢ is the emissivity, & is the Stephan-Boltzmann constant and
A the radiating area (about 3 X 10—2 square centimeters for a 0.1-
centimeter length of liquid). If the temperature is assumed uniform
in the liquid, the calculated radiation heat losses are as given in Table
II. These are negligible compared to the 19 watts lost by conduction
according to (12).

The convection losses are very difficult to evaluate but there is
experimental evidence indicating that they are not more than 1.1 watts.

Table II — Calculated Radiation Losses

T Wy
1200° K 0.035 watts
1800° K 0.18 watts
2400° K 0.57 walts

Therefore, at the end of the melting proecess the present model
exhibits a uniform temperature gradient—the equilibrium condition

of Figure 2. Then
dQ aQ
— = — 1. (14)
dt S dt b A

Freezing

Here it is assumed that the time constant of the heat source is
negligible.

During freezing, latent heat of fusion is liberated. Assuming all
the heat is lost by conduction through the solid, the process can be
formulated as
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< dQ ) < dQ > dz
— J =t{=Y tHA, (15)
at /s a /, dt

where dz/dt is the velocity of the liquid—solid interface or the growth
rate (see Figure 3). Because of the initial condition (14), the initial
growth rate is zero. Physically this means that the initial heat flow
comes from the specific heat stored in the liquid.

Tup

f Xo 2Xo X

Fig. 3—Temperature distribution in cylinder during freezing process (heat
loss only by conduction to heat sink).

As mentioned previously, the time constant for the diffusion process
is less than 0.04 second. Hence the temperature in the liquid drops
rapidly down to T';p. During this time the growth rate is very low,
the impurities are segregated and the p-type layer is formed.

Obviously all the liquid is at freezing temperature, T p, when the
liquid—solid interface is an infinitesimal distance from z =2z, the
end of the cylinder. Then

and the growth rate is:

d 1 dQ 1 aT
- —_ - A ——
dt )._., HA \ dt /s HA dz
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dx 1 Tup
_— —=—cA (16)
dt [2=2z HA 2z,

1 10-3 103

= —— =10.85 cm/sec,
268 22 0.2

which is a very rapid growth rate. Should the temperature of the
liquid be T, before the liquid-solid interface reaches the end of the
crystal, the growth rate would be even higher. But it could not be
higher than by a factor of 2, (1.7 centimeters per second) which cor-
responds to all the liquid being at temperature T, from z, to the end
of the crystal-—except in the following case.

If the heat losses at the hot end of the cylinder are appreciably
greater than the losses by conduction to the heat sink alane, then the
temperature at 2z, will drop so rapidly that the liquid will eventually
comprise two regions as shown in Figure 4. One region will be super-
cooled and separated from the solid by the other region compesed of
hot liquid. When the non-supercooled liquid reaches the freezing tem-
perature, T,p, the supercocled region suddenly sees the liquid-solid
interface and freezes at an even greater rate than before.

SUPERCOOLED

T~ — —— — ——— — _—>‘\amum

To
3 2Xg X

Fig. 4—Temperature distribution in cylinder during freezing process (casc
of supercooled liquid).

Crystallographic Considerations
Since the growth is nucleated by a relatively large-area single
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crystal it is reasonable to expect that the processed unit remains a
single crystal in the region of slow growth. In the quenched region
or region of rapid growth, because of the very high growth rate dis-
cussed above, it is not obvious that the erystal will remain mono-
crystalline. This growth rate is about 500 times greater than the rates
used to pull single crystals of germanium by standard techniques.
X-ray back-reflection analysis of the interior of two samples showed
these to be single crystals throughout, one with stresses in the recrys-
tallized region, the other without stress. The physical appearance and
electrical behavior of good samples not X-rayed lead to no suspicion
that they are other than single crystals.

It is desirable to cut the cylinders along the [111] axis, for then
the (111) equilibrium face of the freezing germanium will more prob-
ably form a flat quench junction normal to the cylinder’s axis. The
melt junction is almost always flat and normal to the cylinder axis as
determined by the thermal gradient. The [111] orientation is also
desirable for obtaining a thin p region or base layer, since crystal
growth is slowest along the [111] direction.

T~ 21FI9

”6;(;:: TIMER ——gv—l—g“— —’1‘

VARIAC

Fig. 5—Experimental setup for melt-quench process.

EXPERIMENTAL TECHNIQUES

A germanium crystal doped with donors and acceptors as discussed
under Design Criteria is cut up into 100-mil-thick slices which are
examined for their resistivity and uniformity. For this experimental
work, resistivities up to 0.1 ohm-centimeter were used. The slices are
cut up into 30-mil-diameter cylinders with an ultrasonic machine tool.
It has been found that etching the crystal prior to the melt—quench
process is not necessary.

The cylinders are mounted in a heat sink and placed in a helium
atmosphere in contact with a heating element which may be a carbon
filament or a machined graphite strip (see Figure 5). The position
of the crystal is controlled by a micrometric screw until contact is
indicated by the ohmmeter labelled “Q” in Figure 5.
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A timer is operated to pass a one-second pulse of current through
the heating element. At the heater reaches a temperature of 2300° to
2900°C depending on the Variac® setting, the crystal melts about half-
way down its length. When the heating current is turned off, the
crystal cools (mostly by conduction to the heat sink) at an initial rate
of about 1000°C per second at the liquid—solid interface.

Actually the freezing process is slowed down by the fact that the
heater remains hotter than the germanium while the latter freezes.
Yet the process is still sufficiently rapid to give satisfactory results.
A furnace has been built in which the heater is supported by the
armature of a relay so that the heater can be removed from the liquid
germanium at the end of the melting process. This arrangement has
the advantage of decoupling the thermal capacity of the heater from
the germanium, and of greatly reducing the possibility of strains in
the growing crystal.

It is remarkable that in most cases the surface tension is able to
restrain the liquid to the initial cylindrical shape.

Graphite, copper, and foreibly cooled copper have been used for the
heat sink with the erystal stuck in a well in the case of graphite and
soldered in the case of copper. The use of a heat sink is imperative
in order to establish a strong longitudinal temperature gradient which
causes the melting front to advance as a flat surface. Crystals sup-
ported by a thermal insulator show a lopsided melt junction.

It is possible to accelerate the cooling process by increasing the
radiation losses if the crystal surface is blackened to increase its
emissivity. Colloidal carbon condensed from smoke or deposited by
the heater itself serves this purpose; but a coating of aquadag forms
a nucleating surface and hence yields a polycrystalline region. Al-
though radiation losses are usually negligible as shown in Table II,
they are multiplied by a factor of 10 when the crystal is blackened.

TRANSISTORS BY THE MELT-QUENCH PROCESS

The most suitable structure for the melt—quench process is a
cylinder. Hence, the resulting transistor will have axial symmetry and
will comprise a pair of plane parallel junctions (Figure 6) separated
by a distance w. Considering the use of such a transistor at high
frequency it is reasonable to design it for operation where its power
gain varies at the rate of 6 decibels per octave so that the approximate
power gain can be calculated from?”

“Trade Mark of the General Radio Company, Cambridge, Mass.

"L. J. Giacoletto, “Study of P-N-P Alloy Junction Transistor From
bD-C ;Is‘)hs!;lough Medium Frequencies,” RCA Review, Vol. XV, p. 506, Decem-
er, .



94 TRANSISTORS I

Im
==, (mn

PG =
402 1930 Cyre C,,

The base-lead resistance r,,- can be minimized by making the connec-
tion completely surround the base layer. It is then?

P
Tpp =
8w
The other terms to be evaluated are .
Cpe=1.33 X 10—%w? I, (pf, mils, ma)

0.071 d2

(ppf, mils)

QUENCH JUNCTION
MELT JUNCTION

Fig. 6—Etched cross section of germanium cylinder processed by the melt—
quench technique. The spacing between the junctions is 1.2 mils.

Hence, a 30-mil-diameter unit with w=0.5 mils, p=1 ohm-
centimeter, V, = 6 volts, I, = 1 milliampere, gives
Ty == 31 ohms,
Cyro = 334 puf,
C,=26 ppf,
P.G. at 1 me = 29.6 db.
The present paper is intended to describe the principles and tech-

niques of the melt—quench process. Much of the evaluation has been

8J. M. Early, “PNIP and NPIN Junction Transistor Triodes,” Bell
Sys. Tech. Jour., Vol. 33, p. 526, May, 1954.
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done by direct physical observation (junction spacing, etc.) rather
than by more indirect electrical measurements on completed transistors.
A wide variety of structures have been made with base width from
about 0.1 mil to over 1 mil. To make the principles and techniques of
this new process known at this early time no attempt has been made
to accumulate extensive transistor data on any one structure.

To give a rough estimate of the possibilities of this technique some
individual measurements will be cited. An early unit of about 0.8 mil
junction spacing gave the amplifier performance of Table III. This
is considered promising in view of the fact that this unit had a collector-
to-base current-gain factor of but 5. Its base-lead resistance was 36
ohms. Other units have had current-gain factors up to 260. Measure-
ments of junction capacitance show a dependence on voltage of V—1/2
indicating that the transitions between the p and n type regions are
abrupt.

Table III — Characteristics of Early Experimental Melt-Quench Transistor

Audio

Frequency 455 ke
Power Gain (I, = 1 ma, V. = 3v) 81.5 db 38.4db
Power Gain (I. = 2 ma, V. = 6v) 37.1db
Input iinpedance 2009 2008
Output impedance 30,0009 > 52,0008
Neutralizing Capacitance 7-10 ppf

ACKNOWLEDGMENT

The assistance of F. H. Corregan and the advice of S. G. Ellis are
gratefully acknowledged.

APPENDIX—RADIATION BY GERMANIUM THROUGH ITS OWN SOLID

Since germanium is transparent to much of the infrared, and since
heat is carried by infrared radiation, it is interesting to evaluate this
process. Since radiation is an instantaneous process compared to diffu-
sion the question arises as to the relative importance of these two heat
losses.

Wien’s law for the spectral distribution of radiation from a black-
body gives the maximum energy at

2884
microns.

Amax =
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Then the radiation from the liquid—solid interface (T ~ 1200°K) gives
Amax = 2.4 microns.

This is well in the transparent region of room-temperature germaniuni.
According to V. A. Johnson and H. Y. Fan® the energy gap depends
on temperature as

E,=073—11X10-4T i.e., 0.60 ev at 1200°K

which corresponds to a transmission threshold at A = 2.05 microns.
Hence the hot crystal is transparent to most of the radiation.

The number of thermally excited electrons at the solid near its
melting point is calculated as

(2amkT)3/2

h3

e—T9/2kT — 5 25 X 1018,

This is such a small concentration that it should not contribute to the
absorption. Therefore solid germanium is transparent to radiation
from its liquid—solid interface.

The power radiated hy the liquid—solid interface is

Wep=¢€k (T*— Ty*) = 1.14 watts/cm?>.

The power lost by thermal conduction through a slab of germanium
of 0.1 centimeter thickness is

dT
W, = ¢A — = 8820 watts/cm?2.
dx

Hence, in the present case the radiation loss to the heat sink supporting
the cylinder is negligible.

®V. A. Johnson and H. Y. Fan, “Transistor Dependence of the Energy
Gap in Germanium from Conductivity and Hall Data,” Phys. Rev., Vol. 79,
p. 899, September, 1950.



MICROSCOPIC EXAMINATION OF GERMANIUM
CRYSTALS AND TRANSISTORS

By
S. G. ELLIS

RCA Laboratories,
Princeton, N. J.

Summary—This paper discusses the techniques which may be employed
in the microscopy of germanium crystals, and the information which may
be obtained by the examination of such crystals and of transistors which
are made from them. Microscopy is valuable as a supplementary method of
examination since it permits a point-by-point study whereas most other
methods, such as electrical, mechanical, or thermal methods yield volume-
average results.

Useful information may be obtained regarding crystal orientation,
twinning, junctions, defects and dislocations, smull angle grain boundaries,
and the external and internal structure of tranmsistors.

MICROSCOPY

and certain crystal defects in germanium by means of the

microscope it is necessary to cut, grind (and sometimes polish)
and etch the specimen. Germanium, as it is used in semiconductor
devices, is much easier to examine under the microscope than is steel,
for example. This is because it is a single element, in a very pure
state, and fthe crystals, usually single, have a high degree of perfection.
As a consequence, the etching techniques are relatively simple and the
crystal defects are often far enough apart to be resolved by the light
microscope.

It is too often assumed that on looking through a microscope one
sees the specimen — magnified. Actually one sees a magnified image
produced under very special conditions of illumination. The appearance
of this image can be changed widely by changing the illumination. If
the illumination is not correctly chosen important information may be
completely absent. One consequence of the variation in the image with
changes in the illumination is that a photomicrograph of a germanium
surface can convey very little information unless the conditions of
illumination are very precisely described. A photomicrograph is usually
meaningful only to the man who takes it. It serves as a memorandum
on what he has seen. This is one reason why no photomicrographs are
shown in this paper. Instead a plan drawing of the observed structure
is given. Beneath this is a sectional elevation of the structure as

TO study crystal orientation, twinning, the shape of junctions

97
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LAMP

REPLACING A\

ONE EYE-PIECE

// STEREOSCOPIC OBJECTIVE

SPECIMEN

Fig. 1—Illuminating the speclmen through one tube of a
stereoscopic microscope.

deduced from the behavior of the image as the specimen and the
illumination are manipulated.

Germanium surfaces are most readily examined when they are
nearly flat, when the normal to the surface passes close to the center
of the objective, and when the illumination is normal to the surface.
This may be called the bright-field condition. When using a low-power
(X15 to X90) stereoscopic microscope this condition can be achieved,
at least approximately, by removing one eye piece and directing light
down this tube of the instrument, as shown in Figure 1. The specimen
is then positioned to reflect light into the other objective. Vertical
illumination is standard on the metallurgical microscope (X50 to X600)
and can be achieved at low power on the Leitz Panphot microscope by
the use of an auxiliary mirror as shown in Figure 2.

If the normal to the germanium surface passes near the center of
the objective but if the illumination is oblique so that the specularly

tTO EYE - PIECES, OR CAMERA
PANPHOT OBJECTIVE

,HALF SILVERED MIRROR

%ﬁ_._ = 1 LAMP
M SPECIMEN \
PARALLEL,OR NEARLY

PARALLEL ILLUMINATION

<

Fig. 2—Leitz Panphot microscope w1th an auxiliary mirror
to illuminate the specimen,
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T‘ E%’ EYE- PIECES
STEREO OBJECTIVE

1
SCATTERED LIGHT
/ /%/@ LAMP

SPECULARLY REFLECTED LIGHT.

Fig. 3—Auxiliary illuminator for dark-field studies with
stereoscopic microscope.

reflected light does not enter the objective, we have the dark-field
condition. This is achieved with the stereoscopic and metallurgical
microscopes by the use of an auxiliary illuminator as shown in Figure 8.
It is standard on the Leitz Panphot microscope, where it is achieved
in the manner indicated in Figure 4. Under dark-field conditions the
surface is seen, if it is seen at all, because of light scattering. This
method of illumination praovides a sensitive method for detecting and
examining dirt, contamination, and corrosion on the germanium sur-
face. It is a very poor method of examining the germanium itself,
however. When a stereoscopic microscope is used with oblique illumi-
nation, some parts of the specimen surface may reflect light into one
objective and others may not, so that mixed light and dark field condi-
tions are obtained. At times it may be preferable to use only one side
of the microscope to simplify the interpretation of the image.
Oblique illumination is valuable in studying surface shape. Con-

/ RING MIRROR

P_

ILLUMINATION

1

\ \/ OBJECTIVE
PANPHOT
CONDENSER 7 SCATTERED LIGHT

SPECULARLY REFLECTED
VZZZIT77T7A LIGHT
SPECIMEN

Fig. 4—Dark-field illumination, Leitz Panphot microscope.
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sider the surface ABCD shown in section in Figure 5. When in the
position shown, the whole surface is seen under dark field conditions.
If now the surface is rotated counterclockwise about B, the regions AB
and CD will first appear bright because they reflect light into the
objective while BC will still appear dark. It can be deduced therefore
that the surface AB is higher than the surface CD. This is a very
sensitive method. It is particularly useful when the length of BC is
large enough, or its inclination to AB small enough, that the difference
in focus between AB and CD is difficult to determine.

Under vertical illumination the following factors help in determin-
ing the surface structure. With wide aperture illumination and conse-
quently small depth of focus one can focus on the higher and lower

PARALLEL
{LLUMINATION

LOwW
POWER
OBJECTIVE

Fig. 5—Oblique illumination.

levels of the surface separately, provided that the difference in level is
greater than approximately 5 X 105 centimeter. For small structures
it may help to remember that concavities turn from dark to light on
racking up ¢hrough focus. Convexities give the opposite behavior. On
racking up from tilted regions a bright reflection will move across the
field. Consider the surface shown in section in Figure 6. On racking
up so that the plane on which the microscope is focused moves from
PQ to RS, the reflection from AD moves to CE, and of course goes
somewhat out of focus. If the height AB is measured by the fine-focus

knob, and BC with an eye piece scale, 6 can be determined roughly
from the relation

1
# =—tan—1! (BC/BA).
2
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VERTICAL ILLUMINATION

Fig. 6—Surface structure determination.

Since many examinations require that the germanium crystal be
tilted until a certain plane is perpendicular to the axis of the micro-
scope, it is convenient to have a stage which will permit this manipula-
tion. Such a stage is shown in Figure 7. The test for correct orienta-
tion is first brilliance of reflection from the surface under study, and
then more critically that details in the surface go out of focus sim-
metrically on racking up, i.e., do not show a sideways displacement.

The following techniques and instruments, while not widely avail-
able, may be of value in special cases.

Interference Microscopy: TUsing monochromatic light at vertical
incidence one observes the interference fringes formed between the
germanium surface and a silvered flat placed close to it. This is a
powerful method of detecting and measuring small differences in
height on the surface.

Polarizing Microscope: This has proved of little value in studying
germanium, though it has in special cases shown some optically active
solids on germanium surfaces. The solids could not be identified.

Electron Microscope: One looks not at germanium but at a replica
of the surface. The technique being less direct is therefore slower but
it is the only one which will give higher resolution than the light
microscope. It is wise to precede electron microscope studies by careful
light microscope studies.

SPECIMEN PREPARATION

The crystal is first cut approximately parallel to one of the simpler

1" DIAM. STEEL BALL, CUT IN
HALF AND GROUND INTO BASE.
LUBRICATED WITH SILICONE
STOP~COCK GREASE.

Y\

ALUMINIUM BASE PLATE 3'xI'%|;
RELIEVED ON BASE.

Fig. 7—Tilting stage for light microscope.
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sets of planes: (100), (110), or (111). It may then be ground on a
glass plate using a water slurry of American Optical Co. Nos. 303%,
and 305 polishing powders in succession, the plate and crystal being
carefully washed before proceeding to the finer powder. In general
a high polish is not required.

If much work of this character is anticipated it is worthwhile to
use a glass polishing wheel. If the surfaces to be ground are small,
the erystal should either be held in a jig or embedded in plastic, so
that the ground surface is plane.

The etches in general use in device work, while not necessarily the
best for microscopy, are at least suitable and are in ready supply. Their
compositions are given in Table I. The mode of attack of some of
these etches has also been studied.!

Detailed recommendations on the choice of etches are given in the
following sections. For the present we content ourselves with some
generalizations. A ground surface will have had many disloeation loops
created in it. These dislocations begin and end at the surface. Num-
ber 2 etch, used for a short time, attacks the crystal at these disloca-
tions and etches downwards until the larger ones are consumed. It
then continues to attack laterally forming a more or less flat-bottomed
pit. These pits often overlap. They are useful, as described below, in
determining the orientation of crystal surfaces.

When the bulk properties of the crystal have to be studied it is
important to remove the worked, or dislocated surface produced by
grinding.* This is most conveniently done with a fast etch such as
number 1 or number 4. On a (111) surface number 4 is particularly
convenient since it will show the edge dislocations. Etching for two
or three minutes is usually adequate.

In general it is desirable to use a volume of etch that is large
compared to the volume of the crystal, and to maintain good circula-
tion so that the etch does not become either hot or depleted. It is also
important, particularly in dislocation studies, that the surface to be
examined shall et no time during or subsequent to the etching be
touched with a solid body, either the beaker or filter paper. After
etching it should be quickly rinsed in running water and blown dry.

!P. R. Camp, “A Study of the Etching Rate of Single-Crystal Ger-
manium,” Jour. Electrochem. Soc., Vol. 102, pp. 586-593, October, 1955.

* X-ray studies by S. Weissmann at Rutgers University show that the
disordered layer, for purposes of the present report, can be somewhat
thicker than the 2 to 10 microns found by etch-rate techniques in Reference
(1). It is suggested that from 25 to 50 microns (i.e., one to two mils) be
removed to give a margin of safety.
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Table I—Composition of Commonly Used Germanium Etches

No. 1: No.3:
2cc HNO; 56 cc HF
4 cc HF 56.cc HNO:
4 cc H.O 12.5 cc H,O
200 mg CuNOs
No. 4:
No.2: 50 cc HNOs
10cc HF 30 cc CH;COOH
10 cc H.O» 30 cc HF
40 cc H.O 0.6 cc Br
Stilver Etch:
40 cc HF
20 cc HN O3
40 cc H:.0
2gm AgNO.

H,0, Technical Quality (Allied Chemical Co.) Assay 30-35%
HNO,; Reagent Quality (Baker) Minimum Assay 69.2%

HF Reagent Quality (Allied Chemical Co.) Minimum Assay 48%
CH;COOH Reagent Quality (Merck) Minimum Assay 99.8%

Number 2 etch, when old, may leave a visible film on the germanium
surface. This can be avoided by increasing the H,O, concentration.
It is preferable to do this just before the etch is used since the H,O,
is unstable at room temperature. 30 cc of H,0, added to the above
formula is sufficient. A sufficient volume of the etch should be used
so that it does not weaken appreciably during the reaction. The test
for this condition is that the pit shape does not change on a further
short etch with fresh solution.

The number 1 eteh is preferable when studying dislocations that
terminate on the (100) surface. Number 8 etch when used on a
polished surface will show p-n junctions.

OBSERVATION OF CRYSTALS
Orientation

To check the orientation of a surface it is convenient to start with
it in a fine-ground state. It should then be etched in number 2 etch
with agitation for approximately 45 seconds. It should be examined
at X90 or higher magnification; X300 to X600 is preferable, using
vertical illumination.

If the surface is close to one of the major planes it will show one
of the pit structures sketched in Table II. In the early stages of
etching, the pits will be closely packed together. Structures which are
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ambiguous by the criteria of Table II indicate inaccurate orientations.
Where the orientation is important such crystals should be recut using
an X-ray diffraction examination to determine the plane of the cut.

A common problem is the following: From the way in which a
crystal has been grown and cut it can be assumed that the surface is
close to the (111) planes. The problem is to determine whether the
cut is within a few degrees of the (111) planes. If the surface is fine
ground the worked layers should be removed with number 4 etch. The

Table IT

THE PIT SHAPES ARE SHOWN FIRST AS THEY WOULD APPEAR UNDER VERTICAL ILLUMINATION.

BENEATH THIS IS SHOWN A VERTICAL CENTER SECTION OF THE STRUCTURE. THESE PITS ARE
BEST VIEWED AT XI00 OR HIGHER MAGNIFICATION.

SURFACE | ETCH PIT SHAPE AND ORIENTATION INTERPRETATION AND NOTES
100) T THE CHARACTERISYIC FEATURE IS THE CENTER
Q) ) DOT WHICH APPEARS BRIGHT ON RACKING UP
FROM FOCUS. THIS PIT FORMS AT THE INTERSEC
[it0] TION OF AN EDGE DISLOCATION WITH THE SURFACS
THE TERRACES PROBABLY INDICATE JOGS IN THE]
1 fod DISLOCATION. SIZE OF PITS VARIABLE UP TOABOUT
W {ira) 204 ALONG AN £DGE . THESE CAN, AGGREGATE
TO FORM SMALL ANGLE GRAIN BOUNDARIES.
® [la] THE CHARACTERISTIC FEATURE 15 THE ABSENCE
T OF ACENTER DOT. GROUND SURFACES ETCH
—[l19] WITH THIS PIT FORM. THE SIZE IS VERY
Do@ VARIABLE RANGING UP TO 20-400 FOR
T gt POV f FORM(Z).FORM(3) IS GENERALLY SMALLER.
_. 4
® firg)
1_. fird]
[iog}
Pt 1__ [g]
(o) o @ fiod THE CHARACTERISTIC FEATURE IS THAT THE
% 1 CENTER ETCHES HIGHER THAN THE SURROUND
—~ T[] -ING SURFACE. BOTH(@ AND THE TERRACED FORM
77 (9 ARE PROBABLY THE SITE AT WHICH AN EDGE
’ (ito] DISLOCATION MEETS THE SURFACE .
| THE SIZES RUN UP TO 10x204 FOR FORMS (@)
(0] AND(B).
® [og) (©)1S SMALLER AND IS PERHAPS THE BEGINNING
T FORM OF A STRUCTURE SUCK As (&)
— [0 @15 A TERRACEO FORM SEEN WHEN THE ORIEN
[o) -TATION OF THE SURFACE ETCHED IS NOT
erm’”’%,,m T ACCURATELY (110). THE DOT IS RAISED WITH
g —~ [i10] RESPECT TO THE GENERAL SURFACE.
® 1D°<§1
e [10]
1 [1o]
— [110]
® [ed
E: — {i10]
r[uo]
mmmrmrﬂ%”m [I IOJ
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Table 11 (Continued)

SURFACE [ETCH| PIT SHAPE AND ORIENTATION INTERPRETATION AND NOTES
an o T ko] THERE 1S NO CENTER SPOT IN THESE PITS.
@ — [i0] SIZES UP TO 15/ — VERY VARIABLE.
~ ~——— 1 [
— = [uo]
©
© 1 [2n] PROBABLY A TERMINAL FORM OF (8)
ALLY ~UPTO 4 .
5] USUALLY LARGE — UP TO 404 ON A SIDE
]
e
— [iq]
© ]
T THESE TERRACED FORMS INDICATE
o] EDGE DISLOCATIONS, THE TERRACES BEING
' DUE TO JOGS IN THE DISLOCATIONS.
T
1[-_ ] THE CHARACTERISTIC FEATURE IS THE CENTER
T T () DOT~ WHICH NEED NOT HOWE VER 3ECONCENTRIC
R ——
Q WITH THE OUTER TERRACES.
~ ® &) DUE TO EDGE DISLOCATIONS
v v

crystal is then etched for two minutes in number 2 etch. If the orienta-
tion is exactly (111) the pits will be as shown in Table II. As
the orientation departs from (111) the pits become asymmetric. At
about 3° misorientation the pits become unrecognizable. An experi-
enced observer can often judge the orientation to better than 3°. If
no pits or only faint streaks are seen it can be concluded that either
the orientation is more than 3° from the (111) planes or that there
are no edge dislocations meeting the surface. At the time of writing
the latter condition has not proved an impediment to the method.

In this, as in all light microscope observations, the information
obtained pertains only to the observed surface of the crystal. Only
in the absence of twinning and polycrystallinity can it be assumed to
apply to the bulk of the crystal.

Twinning

The unambiguous proof of twinning by the use of the light micro-
scope is difficult and laborious. A better method involves taking a back
reflection Laue pattern with the X-ray beam bisected by the suspected
twin plane.

Twinning is nevertheless a sufficiently common occurrence that the
observer should be familiar with its appearance. Germanium twins on
the (111) plane, one twin being rotated 60 degrees about the [111]
direction with respect to the other. The simplest case, an A-B twin is
shown in Figure 8. Twinning is often multiple. The next simplest
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Fig. 8—A-B twin.

case an A-B-A twin is shown in Figure 9. It can be shown from the
geometry of the germanium lattice that the part A can form a con-
tinuous single crystal, but that if the part B terminates as at PQ,
then PQ cannot be a twin plane and will in general be the site of
defects. During crystal growth the defects at PQ may nucleate other
crystals, making the specimen polycrystalline.

With the crystal prepared as for orientation studies, an AB twin
appears as a straight line, or trough, separating two regions of differ-
ent orientation. If the [111] twin plane is not perpendicular to the
surface under examination the surfaces A and B will usually etch to
different depths. An A-B-A twin may cause confusion if the B region
is so narrow that it cannot be resolved in the microscope. The identifi-
cation of twins is usually aided by their very specific orientation and
by the fact that the twin plane often (though not always) runs for
a long distance through the crystal.

Since twinning and slip both occur on (111) planes there is some
danger of confusing the two conditions. Slip lines are only seen on
unetched surfaces, they are moreover softer in appearance and usually
less extensive in length than twin lines on a surface. They are dis-
cussed further below.

Impurity Effects

Resistivity striations, such as those which have already been
described,? also cause irregular etching on longitudinal cuts on crystals.

TWINNED HERE.

Fig. 9—A-B-A twin ending at PQ.
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This is mentioned not as a method for studying such striations (the
pulse plating method of Reference (1) is supsrior) but because it is
a possible source of ambiguity in studying the irregular etching figures
produced by dislocation arrays.

The position is further complicated by the fact that dislocations
and impurities may be expected to interact in the erystal, locking each
other in place. It is probable that this interaction is relatively weaker
in valence crystals than in metals.

Junctions

One method of delineating junctions, involving differential electro-
plating, has been described in the literature.®* In another method,! the
crystal is cut, ground, and polished. The polishing can be done on a
glass plate using a water slurry of Linde A powder, or on 4/0 paper
using cutting oil, or if the crystal is small and is embedded in plastic
the early polishing may be done on polishing paper, the operation being
finished with a pad of paper towel and wet Linde A powder. Next,
using a camel-hair brush the polished surface is vigorously swabbed
with number 3 etch for about 30 seconds. Near the junction the n-type
region etches faster than the p-type region.

The examination is best carried out with a low-power stereoscopic
microscope using parallel illumination. The mixed dark- and light-field
condition described in connection with Figure 5 is employed. In that
Figure, AB would correspond to the p-type region.

Defects and Dislocations

The subject of defects and dislocations in single crystals has been
reviewed by Seitz® and Cottrell.® It is probable that, in those etching
reactions which are not self-catalytic, each pit nucleates at a defect.
Some pits are known to nucleate at dislocations. It does not follow
that an observation of the pits, however, will lead to an unambiguous
picture of the distribution of dislocations.

The dislocations in germanium, and the techniques for detecting

2P. R. Camp, “Resistivity Striations in Single-Crystal Germanium,”
Jour. Appl. Phys., Vol. 25, pp. 459-463, April, 1954.

3 E. Billig and J. J. Dowd, “P-N Junction Revealed by Electrolytic
Etching,” Nature, Vol. 172, p. 115, 1953.

¢ A. R. Moore, “The Preparation of Single and Multiple P-N Junctions
in Single Crystals of Germanium,” Transistors I, RCA Laboratories,
Princeton, N. J., 1956, pp. 77-81. A photograph of an etched junction is
shown in this paper, but the etching procedure is not described in detail.

5F. Seitz, “Imperfections in Nearly-Perfect Crystals,” (W. Shockley,
Editor), John Wiley & Sons, N. Y., p. 3, 1952.

8 A. H. Cottrell, “Progress in Metal Physics,” (B. Chalmers, Editor),
Interscience Publishers, N. Y., Vol. 1, p. 77, 1949; Vol. 4, p. 205, 1953.
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them have been described elsewhere.” For present purposes, and at the
risk of some oversimplification the dislocations may be divided into
two groups: edge dislocations, and. composite dislocations. The edge
dislocations provide acceptor levels in the crystal and also act as
recombination regions. The more numerous composite dislocations are
not at present known to have any electrical effects. We therefore
restrict the following discussion to the detection of the edge dislo-
cations.

Since a mechanically worked surface has had many dislocations
formed in it, it is necessary to etch deeply before attempting to study
the distribution of dislocations in the undisturbed bulk. When studying
surfaces within 3° of the (111) planes this may be done by a five
minute etch with number 4. Conical pits (Table II) now show where
the edge dislocations meet the surface.

Number 2 etch may be used on (110) and (111) surfaces. Its
attack is slower than that of number 4 etch so that it is convenient
to remove the worked surface with a faster etch. Number 1 etch is
preferred on (100) surfaces. The interpretations are given in Table
II. As a general rule it should be noted that the edge dislocations
give pits on (111) and (100) surfaces which have a central depression.
Pits with smooth bottoms can form where a U-shaped dislocation loop
has been etched out of the crystal, or where an edge dislocation changes
to the composite orientation and ceases to etch in the same way.

It is not uncommon to find the dislocations arrayed in lines. The
interpretation is discussed under slip lines, below. When the pits are
very close, i.e., less than 10—+ centimeter apart, they become difficult
if not impossible to resolve. One sees only an etched line, often curved,
and usually terminating within the crystal.

On surfaces other than (100) and (111), dislocation arrays may
etch proud, i.e., be left above the surrounding surface. This behaviour
is seen on (110) surfaces. Proud etching is not an unambiguous sign
of dislocations since it may be caused by impurity concentration (see
above).

Dislocations may be caused by slip, by excessive impurity concen-
tration where the solute atoms are misfits, by the termination of
twinned regions within the crystal, and may be formed during ecrystal
growth.

Slip Lines

At temperatures above 600° C, germanium slips on the (111)

* 8. G. Ellis, “Dislocations in Germanium,” Jour. Appl. Phys., Vol. 26,
pp. 1140-1148, September, 1955.
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planes. The intersection of these regions of slip with the free surface
of the crystal produces very small steps which are called slip lines.
With practice they can be distinguished from twin lines by their
appearance. A safer procedure is to etch the crystal. Twin lines are
intensified while slip lines disappear, being replaced by dislocation
pits or small angle grain boundaries the corresponding substructures
having been formed as a result of the slipping.

If a crystal is cut or etched after deformation the slip lines cannot
be seen. There are cases in which it may be important to decide if
deformation has taken place. The dislocation distributions which result
from deformation will therefore be described.

When a crystal slips the edge dislocations increase in number and
move along the slip planes. The first indication of slip is therefore
a local inerease in the dislocation density, the corresponding pits being
lined up on the trace of the slip plane, (111) for example, in the plane,
(111), under study Figure 10.

As the slip proceeds the continued motion of these dislocations may
be prevented, either by another dislocation or by impurity atoms. The
dislocations then come to rest in a stable array, known as a small-angle
grain boundary. Its trace, in the plane under study, is usually per-
pendicular to the trace of the slip planes Figure 10.

Slip lines are best seen under vertical illumination.

Wafers and Bars

Wafers and bars cut preparatory to making devices may be exam-
ined by the above techniques for orientation, twinning, junetions, and
small-angle grain boundaries.

In addition to the appearances described above there will often be
found irregular mounds ard hollows. Some of these are due to the
fact that the germanium was not flat when the last layers of worked
material were etched off. These irregularities persist in reduced form
on further etching. There are other irregularities which cannot be
explained on this basis. Those which persist with little change of
shape on further etching are probably due to structural faults in the
crystal-—arrays of dislocations, inhomogeneities in impurity distribu-
tion, or both together.

OBSERVATIONS OF TRANSISTORS

This section will be concerned. with the examination of unpotted,
alloy junction, p-n-p transistors, using indium or indium-germanium
as the alloying material. A ecross section of such a transistor, not
typical, is shown in Figure 11. We first consider chemically etched
transistors.



110 TRANSISTORS 1

=
i

©
-3>3-]

B B0p g oposobEPRBDRRHPES

N

SMALL ANGLE 7

TRACES OF (11T)
GRAIN BOUNDARY

SLIP PLANES

Fig. 10—Appearance of (111) plane in slipped crystal after
etching with number 2 etch.

An examination of the transistor as received will show the spread
of the dots, their alignment (using a stereoscopic microscope to look
at the transistor in profile), and whether or not the final etching has
been done. This last can be judged by the extent to which the isolated
germanium crystals in the dots can be seen. A dark-field examination
will also indicate the cleanliness of the surfaces of the wafer.

In the next step the indium dots are removed using an eteh which
does not attack germanium. This may be concentrated hydrochloric
acid or mercury. Mercury is faster but must be cleaned from the
transistor by a dip in nitric acid. The nitric acid dip should be a short
one since nitric acid slowly attacks germanium. The germanium crys-

tals which had previously been isolated in the indium dot may now be
washed away and the wafer dried.

ISOLATED Ge CRYSTALS

In COLLECTOR DOT

UNWETTED AREA

t N-TYPE WAFER 3

RESROWN Ge

In EMITTER DOT P-TYPE REGIONS

Fig. 11—Cross section of Indium-on-Germanium p-n-p transistor.
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The region of recrystallization should now be observed under
vertical illumination (if the wafer surfaces are nearly (111) planes).
With the wafer tilted to give the maximum reflection from the regrowth
crystals the [111] direction coincides with the axis of the microscope.
Hence the departure of the wafer from the horizontal measures its
misalignment from the [111] direction. Unwetted regions can usually
be detected by the misalignment of the surface with the [111]
direction, but even when the orientation is good, it will be seen that
the unwetted germanium has a different surface texture from that of
the regrowth crystals. This surface texture is the same as that found
outside the region of the dcts. Sometimes the regrowth crystals will
form a cap over an unwetted region. In such cases the regrowth
crystals must extend above the general surface of the wafer. Judicious
probing with a needle will test such cases. .

We now consider the case in which the final etching of the transistor
was electrolytic, the etching current having been injected into the base
wafer from the emitter and collector. The examination for dot spread,
and alignment, and the nature of the recrystallization and wetting
may proceed as before. One difference will be noticed in the base wafer.
The etching occurs where injected holes reach the surface of the base.”
The emitter and collector are surrounded by troughs which will usually
be smooth and clean if the efching-current density was high (of the
order of 1 ampere per square centimeter). The curved walls of these
troughs make them difficult to examine in the light microscope. Raised
regions within the troughs suggest that the hole current reaching this
part of the surface was reduced, as would be the case with local hole—
electron recombination within the base. Recombination at the disloca-
tions in small angle grain boundaries has been observed to cause this
effect.”

A crude examination of the junction can sometimes be made by
breaking the wafer so that the fracture surface crosses the dot regions.
Such fracture surfaces are seldom flat enough to permit careful study.
A better method is to embed the wafer in Bioplastic or Araldite, being
careful to exclude air bubbles so that the wafer is well supported. It
may then be cut, or ground down to a suitable cross section, polished
on 4/0 paper with oil, and eteched to show the junctions.

Examination under the microscope will now show the junction
shapes, the variation of base thickness between the junctions, and the
thickness of the regrowth regions. This information, of course, per-
tains to only one cross section of the transistor.

. *S. G. Ellis, “Electrolytic Etching of Small-Angle Grain Boundaries
in Germanium,” Phys. Rev., Val. 100, p. 1140, November 15, 1955.



CALCULATIONS OF ALLOYING DEPTH OF INDIUM
IN GERMANIUM

By
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Summary—A method is described for calculating the depth of alloying
of indium in germanium for two simple cases of indium shapes. The results
are presented in a graphical form convenient for use. Some limitations on
the general applicability of the calculations are described briefly.

INTRODUCTION

rectifiers, the formation of junctions by the alloy process is com-

monly used. It is often necessary to be able to calculate the depth
of alloying under a variety of conditions. The special case of indium
on germanium has been selected for treatment here because it is, at
present, the most frequently used combination of materials. It is also
a convenient example of how calculations can be made for other com-
binations for which the alloy phase diagram is known.

I[N the fabrication of semiconductor devices such as transistors or

PHASE DIAGRAMS

The phase diagram is one way of describing the solubility of one
component in another as a function of temperature. The case of indium
and germanium is shown in Figure 1 where the curve shows the atomic
percentage of germanium which will dissolve into a melt of indium at
various temperatures. However, atomic percentages are not directly
measurable and must be reduced to volumes for practical use. To do
this, let the ratio of germanium atoms to the total number of atoms
in a melt at some temperature be “S,” and the number of atoms per

unit volume for germanium and indium be Ng, and Ny, respectively.
Then

NGe
S=———.
NGe + NIn
This can be transposed to the form

S

1—8
112

NGez

N p. ¢y
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This expression can be converted to volumes by substituting in it
the term for the number of atoms (N) in a body,

grams of material Volume X Density

grams per atom B Atomic weight X Weight of hydrogen atom

and Equation (1) becomes

S Density (In) Atomic weight (Ge)
Vo= Vi . NG

1—S Density (Ge) Atomic weight (In)
1000°
900" - /
800
700~
600 |-
500
400’
300 '
2007 155°

ol
100 r

o°| L ) 1 1

0 20 40 60 80 100

(In) (Ge)

ATOMIC % Ge
Fig. 1—The indium-germanium system.
Table I
Indium Germanium
Density 7.31 gms/cc 5.32 gms/cc
Atomic weight 114.8 72.6
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Using the values shown in Table I for the constants, Equation (2)
reduces to

Vage=-8708Vy,/(1—8).
1.0 . : - T /
/
B /
05 Vee=F (T) Vin //
/
o.l 7
//
0.05
//
/f
=
59
0.01 /
P 7
/
/
0.005 /
//
TEMPERATURE °C
0.00i . \ _
100 200 300 400 500 600 700 600
Fig. 2—Volume solubility of germanium in indium versus temperature.
Since S is a function of temperature as given by the phase diagram,
this can be rewritten as

VGe:F(T) & VI”‘

source.

(3)
Figure 2 is a graph of F(T) plotted against temperature. While
was obtained from the data of Keck and Broder! as a more accurate

F(T) may be obtained in principle from Figure 1, the plotted curve

1P. H. Keck and J. Broder, “The Solubility of Silicon and Germanium
in Gallium and Indium,” Phys. Rev., Vol. 90, p. 521, May, 1953.
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ALLOY DEPTH CALCULATIONS

When one puts a small piece of indium on a flat surface of ger-
manium, the depth to which it will alloy depends not only on tempera-
ture, but also on the area it covers and to a lesser extent on the shapes
that the molten solution may take during the heating cycle. Not all
cases can be calculated but two simplified cases of practical value will
be treated.

Case I (see Figure 8); The indium is assumed to be confined to a
cylindrical shape of diameter “d” and height “h” with one plane end
in contact with the germanium. The dissolved germanium is also
assumed to be a cylinder of the same diameter, but its height z is to
be determined.

The volume of indium is

wd?
Vee——- - Z.
4
h p—d—~ INDIUM
\q-—--’ ) GERMANIUM
,éj""L_"_liJ e
ALLOY
REGION

Fig. 3-—Geometry for the case of the confined dot.

Substituting in Equation (3) we get

7d?2 wd?
-x=F(T) -h
4

and

x=F(T) - k.

The curve of Figure 2 can now be used directly to find = at any
temperature given only the value of .

Case II: The indium is now assumed to be not confined in any way.
On heating up it will wet the germanium and spread out to the shape
of a section of a sphere, This will be true for small volumes of liquid
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with high surface tensions such that the force of gravity can be
neglected. It is also assumed that the spreading occurs at low enough
temperatures so that the depth of alloying during spreading can be
neglected. The germanium dissolved is assumed to be in the shape of
a cylinder whose diameter is that of the contact area of the indium and
whose height 2 is to be determined.

There are two ways of specifying the diameter of spreading of the
indium. One can refer to a spreading diameter, D,, in terms of a ratio
K with the diameter, D, of an indium sphere (as a measure of its
volume) or one can refer to the contact angle 8 of the liquid indium
with the germanium surface. The relationship between K and 4 can
be shown as follows:

The volume of indium is

wD3
VIn:
CONTACT
INDIUM ANGLE 8
ALLOY
RO - GERMANIUM
&)
| /L_l_. b ) =¥} 2

T

| X
Fig. 4 —Geometry for the case of the unconfined dot.

This volume, as a section of a sphere, (see Figure 4) is
™
VI‘IL — (h3 + 3a2h) ’ (4)
6

where h = maximum height of the liquid and

D,

o =radius of the contact area —

In terms of the contact angle 4,

w D3 1—cosf \3 1—cos 4
V=— —} +3 | — .
6 8 sin 4 sin @

Since this is equal to the volume of the initial sphere, we can find the
ratio of D, to D as a function 4:

D, 1—cosf \3 1-—rcos? —1/2
=3 — — 48§ ————
D sin 8 sin 4
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The range of values for # from 60° to 110° was chosen as adequate
for most spreading conditions. These values give the curve of Figure
5 in which D,/D is labeled X (called the spreading ratio).

The calculation of alloying depth can now be made in terms of D
(diameter of sphere of indium), K, and temperature. The volume of
germanium dissolved is

wD?
Vioe= -2 (where z is depth of alloying).
4

Substituting the germanium and indium volumes in Equation (3),

wD? D3
x=F(T)
2 D3
3 D2
1.7 -
1.6 l I l
N

Y

\\ _

55 65 ] 85 95 105 s

Fig. 5—Spreading ratio (K) versus contact angle (9).
but

2 D
therefore z=F(T) ——,
3 Kz

which is the general equation for depth of alloying, z, as a function of
spreading ratio, K, temperature, F (T), and indium volume of sphere
diameter, D.
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As a result of experience, it has been found that K =14 is an
average value for pure indium on clean germanium in a dry hydrogen
atmosphere. This value was therefore used in preparing the curves
of Figure 6 which have been found useful in the design of transistors.
However, the curve of Figure 7 was also prepared to simplify the use
of Figure 6 when different values of K are necessary. For any value

/) [/
VIV
V94
i
£S y a7 //// 7 1/
- VA A4 Vd /
W
E 0s /;;////// SPHDE:TI-CAL-
i / ) DIAMETERS |
2 ;//:%//// (MlLs)
"o i 4 //// // —
// [/I/I// // |
0.05 Hirr 7 1/
Hr/ r
i/ /
W/
/// g TEMPERATURE °C
0.0l | l I

Fig. 6—Alloying depth versus temperature and dot size (K = 1.40).

K, a value of R is shown which is the multiplying factor for correcting
the alloying depth values shown in Figure 6. The curve shows how
sensitive the alloying depth is to spreading diameter. This is because
the volume of germanium dissolved is a constant for a given tempera-
ture and as the spreading diameter changes, the contact area changes
with the square of the diameter and the depth varies inversely with
the area.
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2.0

0.6/ =1
K N~
04

0.9 Iy 3 15 17 19 2w 23

Fig. 7—Correction factor B for modifying curves of Figure 6 when K is
different from the value 1.40.

The curves of Figure 8 are given as a convenience in finding equiva-
lent sphere diameters from the dimensions of indium dots when they
are fabricated as punchings from sheet material in the form of
cylinders.

LIMITATIONS ON THE GENERALITY OF THE CALCULATION

These calculations were checked experimentally and found to hold
within experimental error over the range of 400° to 600°C. The
value of spreading ratio of 1.4 is not always to be expected. For reasons
not yet clear, large deviations are occasionally encountered. Also, the
spreading may vary with temperature. Above 600°C there is a tendency
of the indium to spread beyond the value of X = 1.4 and then return
to 1.4 on cooling. Measurements on the alloyed indium would indicate
a K of 1.4 and give a misleading result because this effect reduces the
alloying depth from the values predicted by the curve. The magnitude
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g —4///:::——ﬁ// 10
oo — - -
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CYLINDER HEIGHT

Fig. 8—Conversion of cylinders to spheres of equal volume.
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of reduction depends on the values of the spreading diameter as a
function of temperature and will not be treated in this paper. Other
effects that cause departure from the ideal are described by Mueller and
Ditrick.2 They are not always large enough to seriously invalidate
the usefulness of the above calculations but should be kept in mind to
prevent misleading conclusions.

2 C. W. Mueller and N. H. Ditrick, “Uniform Planar Alloy Junctions for
Germanium Transistors,” Transistors I, RCA Laboratories, Princeton, N. J.,
1956, pp. 121-131.



UNIFORM PLANAR ALLOY JUNCTIONS FOR
GERMANIUM TRANSISTORS*}

By

C. W. MUELLER AND N. H. DITRICK

RCA Laboratories,
Princeton, N. J.

Summary—In the alloying process previously used, for example in
germanium p-n-p junction transistors, wetting and alloying proceed simul-
taneously. This often produces a rounded junction whose shape, area and
penetration are not adequately controlled for close-spaced transistor devices.
Techniques are described which, by separating the wetting from the alloy-
ing steps, achieve a control over junction geometry not heretofore realized.
These techniques permit the alloy transisior to be economically exploited
to considerably higher frequencies and constitute a major advance in junc-
tion preparation.

Uniform wetted areas are obtained in a low-temperature soldering
operation using a small amount of zinc in the indium dot material and o
liquid flux. Control of the dot material volume, alloying temperature, and
crystal orientations provide for uniform penetraiion during the alloying
process in an atmosphere chosen to restrict further spreading. The dense
(111) plane of the germanium wafer is used to provide a planar junction
front. By this means an inherent structural property of the crystal is
utilized to provide a flat junction front independent of minor variations in
the physical environment. With these techniques junctions can be made that
are flat to within % micron (0.02 mil) over 90 per cent of their diameter.

A slow cooling rate provides for uniform recrystallization of the dis-
solved germanium. The uniform recrystallized region requires less etching
and gives improved electrical performance.

INTRODUCTION

where a rounded junction shape can be accepted without serious
undesirable effects. However, for many reasons, flat parallel
junctions would be preferred. Flat parallel junctions are especially
important to improve the uniformity of characteristics and to facilitate
construction of transistors with small base widths. This paper de-
scribes new techniques which are believed to constitute a major
advance in the alloy junction art and which achieve a control over the
junction geometry not heretofore realized by the alloy process. By
the use of these new techniques, junctions can be made that are flat
within 75 micron (0.02 mil) over 90 per cent of their diameter.
At present, the method most generally used for making alloy junc-

THE alloy junction has been widely used in audio transistors

* Reprinted from RCA Review, March, 1956. .
T Presented at the L.LR.E.-A ILE.E. Conference on Semiconductor Re-
search, Philadelphia, Pa., June 22, 1955.
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tions! is to position an impurity dot on the base wafer and fire the
assembly in a reducing atmosphere. In this process, the dot material
first wets at one point from which point alloying and wetting progress
simultaneously. Thus, the dot penetrates and spreads out at the same
time and a curved junction front as shown in cross section in Figure
1 results. The final shape of the junction front can be altered somewhat
by changing the temperature during the process cycle or applying
weights to the dots. However, as long as alloying and wetting take
place at the same time, it is extremely difficult, if not impossible, to
make a truly flat junction. The important feature of the new technique
is that the present one-step process is separated into a three-step
process: (1) the dot material is caused to wet a certain area of the

Fig. 1—Cross-section of p-n alloy junction diode.

base wafer; (2) the dot material is alloyed into the base wafer without
further wetting; (3) the dissolved germanium with a small amount
of dot material is recrystallized upon the base wafer. Each of these
steps is important and will be discussed in order. The new technique
has been applied to p (indium-rich) dot material on n germanium
with about 10,000 edge dislocations per square centimeter, and the
description that follows is applicable thereto. Similar techniques to
those to be described can be employed for other types of dot materials
and semiconductors.

WETTING AND SOLDERING

Good wetting over the entire dot area is a prerequisite for obtaining
uniform planar junctions. To prevent appreciable alloy penetration

1R. 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, pp. 1352-1357, November, 1952.
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from taking place during the wetting process, this operation must be
carried out at a low temperature, say 300° to 350° C, for an indium-
rich material. At these low temperatures, hydrogen is no longer useful
as a flux and other fluxes must be used. The flux must clean the surface
to permit wetting and also reduce the molten liquid surface tension.
The dot material then flows out over a well-defined reproducible area.
Any residual products of the flux must be either removed by subsequent
cleaning or must produce no deleterious effects in the final junction.
Wetting is also dependent upon the dot material, and alloys of indium
with certain others metals have been found to be superior te pure
indium. Although the art of soldering is old, adequate theories or
data are not available to explain the various wetting properties. This
subject has been surveyed by Bondi.2

A liquid flux containing zine chloride, similar to that used by tin-
smiths for decades, was employed with some success in wetting indium
to germanium. It has good wetting properties, but dissolves a consid-
erable amount of indium when heated. The dissolved indium is then
deposited as a thin spotty layer around the dot periphery. This con-
dition, aptly called “measles,” can cause death or crippling illness to
the junction and in any event causes penetration over an uncontrollable
area during the subsequent alloying step. One possible solution to the
problem is to use a different flux, but no flux other than those contain-
ing ZnCly has been found which will cause pure indium to wet ger-
manium satisfactorily at about 300° C. However, if 1 per cent zinc
is added to the indium, the wetting properties are improved. Zine is
a p-type impurity and does not change the electrical characteristics of
the junction. However, the better wetting properties permit the use
of a weak flux to obtain satisfactory wetting at 300° C. A suitable
nonmetallic flux is the following:

Ammonium chloride — NH.CI 2 grams
Hydrazine monohydrobromide -— N.H.-HBr 2 grams
Methanol — CH,0H 10 ce
Water — H.0 5ce
Glycerin — CsHs(OH): 1ce

This flux dissolves less indium and avoids the difficulties mentioned
above when zinc chloride is used. Some of the commercial fluxes as for
instance Diveo 5217 also work reasonably well in this respeet.

2 A. Bondi, “The Spreading of Liquid Metals on Solid Surfaces,” Chem-
ical Review, Vol. 52, pp. 417-458, 1953.

* Product of Division Lead Company, Chicago, Illinois.
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The details of the wetting or soldering operation are as follows:

(1) The 1 per cent zinc-indium alloy is made into balls of the
desired volume.

(2) The balls are etched in a 1 per cent HCI solution for three
minutes, thenm washed in deionized water. Rinsed in methanol and
dried.

(3) The balls are placed in the previously described nonmetallic
flux, the excess flux drained off and then placed on the germanium
wafer in an anodized aluminum jig. (Jigs are used only during the
soldering operation.)

(4) The assembly is placed in a furnace with a pure dry hydrogen
atmosphere, heated rapidly to 340° C and held there for 3 minutes.
(This firing may also be done in air with reasonable success.)

(5) The germanium wafer is now washed in a 10 per cent HCI
solution and then rinsed in a deionized water solution containing a
few drops of Triton X-102° wetting agent.

With the above processing, the dots are firmly soldered to the
germanium, and by a process of alloying, a small amount of germanium
is taken into solution by the zinc-indium. The initial penetration is
about 0.1 mil.

It is important to have some means of evaluating the wetting—
soldering operation. The standard technique for doing this is to
remove the dot material from the germanium by dissolving the dot
with hydrochloric acid. (This does not attack the germanium.) The
exposed surface structure is then examined microscopically for un-
wetted areas. This technique is tedious and difficult to interpret
exactly. A refinement of this technique using preferential crystalliza-
tion of germanium makes the interpretation and absolute evaluation
more definite. A germanium wafer with its face about 10 degrees off
the (111) crystal plane is used for these tests. The recrystallized
germanium surfaces follow the (111) faces so there will be a 10-degree
difference between the surface planes of the recrystallized area and
the unwetted area. Thus, if vertical illumination is used for the exam-
ination and if the surface is adjusted so light is reflected into the lens
from the germanium wafer surface, all unwetted areas will be bright
and easily detected. Figure 2 shows the application of this technique
to accentuate an unwetted area.

ALLOYING

In the alloying operation, the dot material penetrates the ger-
manium wafer. It is generally desirable to arrange the alloying

* Product of Rohm and Haas Resinous Products Division, Phila., Pa.
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condition so that it is an equilibrium process in which case the depth
of penetration is independent of time of alloying. The depth of
penetration is determined by alloying temperature, dot volume, and
wetted area with the aid of standard phase diagrams. The dot volume
and wetted area are so chosen that the wetting angle between the
dot and germanium surfaces is such that further spreading due to
liquid forces is minimized. To prevent further wetting during alloying,
a neutral or slightly oxidizing atmosphere is desirable.

Indium alloying into germanium is a dissolving process similar
in many respects to etching of germanium by acid. The rate of pene-
tration is different for the various crystal planes so that the crystal-
lographic orientation of the germanium wafer is important. The (111)
crystallographic plane (see Figure 8) is most densely populated and

Fig. 2—Recrystallized region on an off-axis crystal.

the atoms in these planes are tied together by 3 bonds. The single
bond (pointing upward in Figure 3) is most easily removed, thus
giving pentration principally by the peeling off of layers. The (111)
plane, therefore, acts as a natural leveling means to flatten out the
alloying front. Better leveling action is obtained if near-equilibrium
conditions prevail. For this reason, a gradual increase in temperature
is desirable; 20° C per minute from 800° C to the final temperature
is satisfactory.

In a germanium crystal there are other (111) planes that can act
to resist alloy penetration. These planes can be located by remember-
ing that the 4 bonds of each atom of Figure 8 point in a [111] direction
and the location of the planes are then perpendicular to these direc-
tions. A set of planes will then intersect to form a truncated pyramid



126 TRANSISTORS 1

as sketched in Figure 4a. Figure 4b shows the top view of a junction
in which the triangular shape is evident. If a junction is sectioned
along the place indicated in-Figure 4a, it should intersect the bottom
plane and be perpendicular to the right (111) plane. The line of inter-
section should include a 110-degree angle. Figure 4c shows such a
cross-section with the correct angle of 110 degrees. The left inter-
section is rounded because the original round liquid front and the
sharp angle of the (111) planes are incompatible.

The highly restrictive action of the (111) plane is shown in Figure
ba with a corresponding pictorial sketch in Figure 5b. Here the alloy-

Fig. 3—Model of germanium crystal lattice.

ing was done on a crystal 9 degrees off axis. The resulting junction
was flat but at the corresponding 9-degree angle with the surface.

The restrictive influences of the side (111) planes have a deleterious
effect if there are unwetted spots. Where the (111) planes are well
defined, they tend to prevent the undercutting of an unwetted section
on the triangular sides and cause the unwetted region to propagate
itself. Such an unwetted spot is shown in Figure 6. Note that the
junction is flat on both sides of the unwetted area.

The: success of this new technique in obtaining flat junctions can
be seen in Figure 4c. No deviations can be detected in the bottom of
the junction when compared with the microscope cross hair at a mag-
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c. Cross section of p-n junction.

Fig. 4—Influence of (111) planes on wetting.

nification of 480 times. This degree of flatness is convincing evidence
that the junction surface is determined by a crystal plane. In experi-
mental lots of six units, flat junctions have been made that showed a
variation of +0.025 mil in the location of the junction. Thus, not only
do these new techniques provide for microscopically flat junctions, but
also for precise control of their location.

Junction sectioning as shown in Figure 4 was very useful in evalu-
ating the new alloying process. The major requirement of a cross-
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sectioning method in addition to showing a true high-definition picture
is that the method be fast so that a large number of samples can be
readily examined. An improved method for rapidly exposing junctions

was developed and proved to be an important tool. Details are given
in the Appendix.

_—INDIUMBALL

GERMANIUM
/ WAFER

L 15.0 ——-’i

{ ALL DIMENSIONS IN MILS)

Fig. 5—Effect of crystal orientation.

RECRYSTALLIZATION

Recrystallization of the dissolved germanium back upon the base
wafer as a good single crystal is the final step in the formation of a
junction. For greater uniformity and crystal perfection, recrystalliza-
tion should proceed on a near equilibrium basis. A gradual decrease
in temperature is required; a 20°C reduction per minute has been
satisfactory.
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When the temperature is decreased gradually, substantially all the
dissolved germanium is redeposited on the base and a uniformly thick
recrystallized region as shown in Figure 4c is obtained. Dendritic
growth, a potential source of noise, is also eliminated. The thin re-
crystallized end regions obtained in the single step alloying process
(see Figure 1) are not present. The usual heavy etching used to remove
these thin regions is no longer required. Another result of the gradual
decrease in temperature is the absence of germanium crystallites
scattered through the resolidified indium. This makes the connection
of wire leads to the dots considerably easier.

Fig. 6—p-n junction showing an unwetted area.

CONCLUSIONS

Junctions made by the three-step process outlined have the follow-
ing desirable characteristies:

(1) Flat bottom surface.

(2) Exactly defined depth and area.

(3) Uniformly thick recrystallized regions.

(4) Absence of thin end regions and dendritic growth.

(5) Absence of germanium crystallites in the dots.

The net result of these characteristics is a uniform well-defined
junction with considerably improved electrical properties. Thus, the

upper frequency limit to which the alloy transistor can be economically
exploited is considerably extended.
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Appendix — JUNCTION SECTIONING TECHNIQUE

To prepare a germanium junction for sectioning, it is firmly
mounted on a suitable stem and lead wires are attached to the indium
dots. No encapsulant or potting material is necessary, thus speeding
up the process greatly.

The mounted pellet assembly is then clamped in the sectioning jig,
Figure 7, with the free end of the germanium crystal down through
the slot in the jig. A piece of No. 1 metalographic paper is placed on
a smooth flat surface with the abrasive side up. Two paper strips are
placed on the paper with their edges parallel and about Y% inch apart.
The jig is then placed on the paper strips so that the jig body itself
is on the paper strips, but the slot is over the abrasive between the

Fig. 7—Sectioning jig.

paper strips. The jig is then moved along the paper strips with the
weight of the jig slide holding the germanium down against the
abrasive in one direction of travel and with the slide raised as the jig
is moved in the other direction. The cutting is done in one direction
only in order to obtain a plane surface over the germanium wafer.
When the germanium wafer is ground down to within 5 or 6 mils of
the point where the junction shapes are to be examined, the No. 1
metalographic paper is replaced by No. 0 emery and the grinding pro-
cedure continued through successively finer paper down to 4/0. The
final polish is done on a glass plate using Linde®* A aluminum oxide
powder mixed with water. The jig is used directly on glass with no
paper strips this time. The polishing strokes must be in the same
direction as was used for grinding. A highly polished surface is not

* Trademark of Linde Air Products Co., New York, N. Y.
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necessary if the copper plating technique described below is used to
increase contrast.

When the polishing is completed, the transistor is removed from
the jig and washed thoroughly with water. It is then etched for about
one second in a mixture of 5 parts nitric acid, 5 parts hydrofluoric acid
and 2 parts water. After rinsing with water, it is connected in the cir-
cuit shown in Figure 8 and immersed in a solution of Cu(NH,),(0H),
(with just enough NH,OH to clear the solution) contained in a copper
cup.? Copper is selectively plated on the p-type germanium regions
by depressing the push button for a total of about three seconds. This
is normally done by using three one-second pulses separated by an

Y

PLATING SOLUTION|lw—— COPPER CUP
Cu{NH3)4(0H),

Fig. 8—Plating circuit.

interval of a few seconds to prevent depletion of the electrolyte near
the germanium.

The unit is then washed with water and dried. The junction con-
tours can now be seen by viewing the transistor through a microscope
having vertical illumination. The junction locations may be seen both
as a color difference and as a fine line caused by selective electrolytic
etching at the junction interface.

By use of the described procedure, a satisfactory sample can be
prepared in about 15 minutes. Multiple jigs that hold three units
may also be used.

* The resistivity of the plating solution is 600 to 800 ohm centimeters.



SOME ASPECTS OF THERMAL CONVERSION
IN GERMANIUM?*

By

H. KROEMER
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Princeton, N. J

Summary—It is known that a slight copper contamination on n-type
germanium may convert the germanium to p-type upon heat treatment.
If, however, the germanium is in contact with a molten metal during the
heating process, then the metal soaks up almost all of the copper and no
conversion occurs. This is consistent with the high solubility of copper in
molten metals. It explains why no conversion has been observed after the
heat treatment during the processing of alloy transistors. It also furnishes
a method of preventing thermal conversion generally during other kinds of
heat-treatments.

HEN n-type germanium is raised to an elevated temperature
1& ; :5 / (500-800° C) and then cooled, it commonly converts to p-type.!

This phenomenon is called thermal conversion and is due to
two effects. One of these is the production of lattice defects which are
quenched in on rapid freezing.> 3 The other is contamination by minute
amounts of copper.* 5 The acceptor concentration introduced by lattice
defects is ordinarily small, and these defects rapidly disappear if the
cooling rate is not too fast. Thermal conversion due to this effect there-
fore can be neglected in processes involving a slow cooling rate. This
paper is concerned only with conversion due to copper.

At temperatures above 500°C, copper can diffuse into germanium
at a very high rate due to its outstandingly high diffusion constant.
Because of this, the slightest trace of copper on the surface of the ger-

* Presented at the I.R.E.-A.LLE.E. Conference on Semiconductor Re-
search, Philadelphia, Pa., June 22, 1955.

1 H. C. Theuerer and J. H. Scaff, “Effect of Heat Treatment on the
Electrical Properties of Germanium,” Journal of Metals, Vol. 191, p. 59,
January 1, 1951; for a complete literature survey see Reference (5).

2R. A. Logan, “Thermally Induced Acceptors in Single Crystal Ger-
manium,” Phys. Rev., Vol. 91, p. 757, August 1, 1953.

88. Mayburg and L. Rotondi, “Thermal Acceptors in Vacuum Heat-
Treated Germanium,” Phys. Rev., Vol. 91, p. 1015, August 15, 1953.

¢C. S. Fuller and J. D. Struthers, “Copper as an Acceptor Element in
Germanium,” Phys. Rev., Vol. 87, p. 526, August 1, 1952.

5C. S. Fuller, J. D. Struthers, J. A. Ditzenberger and K. B. Wolfstirn,

“Diffusion and Solubility of Copper in Germanium,” Phys. Rev., Vol. 93,
p. 1182, March 15, 1954.
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manium or in the heated environment will introduce copper acceptor
atoms into the germanium upon heating. These acceptors can neuntralize
the donor impurities and, if present in sufficient numbers, convert the
germanium to the opposite conductivity type. Harmful effects on
minority carrier lifetime have also been observed when copper is
present.

In order to prevent thermal conversion of this kind it is necessary
both to clean the germanium very carefully prior to the heat treatment
and to eliminate any possibility of copper contamination from the
atmosphere or the walls of the furnace during the heat treatment.

Strangely enough, the n-type germanium which is used in the ordi-
nary p-n-p alloy type transistor, although it may receive the necessary
heat treatment, has not been known to convert even in the presence of
large amounts of copper. Even when copper is intentionally added to
the indium dots which are commonly used in these units, or as a plating
beneath them,® the transistors show no signs of thermal conversion.
This paper offers an explanation of the apparent anomaly.

Although the diffusion constant of copper is very high, its solid
solubility in germanium is, chemically speaking, extremely low. The
maximum solubility is less than 10—* atomic per cent at about 870°C,
dropping to 10—% atomic per cent at about 710°C, and so on.* The
solubility of copper in ordinary metals and particularly in molten
metals, however, lies in the order of a few per cent or higher, i.e.,
a difference in solubility of at least 104.

Consider now the case where (1) a metal such as molten indium
directly contacts the germanium surface, and (2) the system is heated
to temperatures at which the molten contact metal intimately wets the
germanium. Under these conditions the copper can readily diffuse
through both the contact metal and the germanium, and its distribu-
tion over the two parts of the system can reach an equilibrium. Because
of their extremely different solubilities, the two parts of the system
will then have different copper concentrations. This is cbvious if the
total amount of copper present is sufficient to saturate both parts of
the system with copper. However, under ordinary circumstances, the
total amount of copper initially present, whether in the contact metal
or the germanium itself, will be small compared to the value necessary
for over-all saturation. If one assumes that the solutions of cepper in
germanium and in the molten metal are thermodynamically ideal solu-

6 L. D. Armstrong, “p-n Junctions by Impurity Introduction Through
an Intermediate Metal Layer,” Proc. I.R.E., Vol. 40, p. 1341, November, 1952.
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tions,” then the ratio of the two equilibrium concentrations will be
equal to the ratio of the solubilities, and the relative concentrations
(ratio of actual concentration to saturation concentration) will be the
same in both phases. If there is only a very small amount of copper
present (an amount which usually would cause thermal conversion if
no molten metal were in contact with the germanium surface), then
this small amount will be soaked up almost completely by the molten
metal because of its much higher copper solubility. If the amount of
copper present or being fed into the system from the walls of the
furnace is not too high, there will be only a negligible amount of copper
left in the germanium, and thermal conversion will not occur.

If the solution of copper in the molten metal is not an ideal solution
the above conclusions do not hold quantitatively. However, they remain
qualitatively true because the deviations from the ideal are never so
large as to compensate for a solubility ratio of 10* or more.

In order to prove the hypothesis, at least qualitatively, the following
experiments were carried out:

(1) Several germanium wafers (6-8 ohm-centimeter n-type) were
heated for 1 hour at 700°C in an atmosphere of rather impure hydrogen
in a furnace in which thermal conversion occurred regularly. Indium
dots had first been soldered to some of these wafers at about 250°C. To
assure the presence of copper, one of the wafers containing dots had
been dipped into Cu(NOj;), solution before heating. On another, the
indium dots were allowed to dissolve some copper by dipping a copper
wire into the molten dots during the soldering process.

After heating to 700°C, the wafers were tested with a thermal
probe for their conduction type. It was found that all wafers without
dots had strongly converted to p type. All wafers with dots remained
n type on both sides with the exception of isolated spots more than
1 to 2 millimeters away from the nearest dot. This result supports the
original conjecture. That some p-type spots were found far from the
dots was to be expected for two reasons: (a) With increasing distance
the diffusion gradient becomes flatter to that it requires a much longer
diffusion time to remove the copper from more distant spots; (b) The
furnace which was used in these experiments was known to be con-
taminated so that fresh copper was constantly being fed into the Ge-In
system. Under these circumstances a stationary diffusion gradient will

7 This is true at least for the solution of Cu in Ge. See C. D. Thurmond
and J. D. Struthers, “Equilibrium Thermochemistry of Solid and Liquid
Alloys of Germanium and of Silicon. II. The Retrograde Solid Solubilities
of 8b in Ge, Cu in Ge, and Cu in 8i,” Jour. Phys. Chem., Vol. 57, p. 831,
November 20, 1953.
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be established around the Imn dots and it will be impossible to remove
the copper beyond a certain distance.

(2) 1In a second experiment, some previously converted wafers and
some indium-doped p-type wafers (10-15 ohm-centimeter) were fired
with dots upon all of them. The previously converted wafers converted
back to n-type in the region near the dots, while the doped p-type wafers
remained unchanged. This shows that the copper is really taken out
of the germanium and that the prevention of conversion is not due to
" a compensating n-type impurity coming out from the dots.

It appears, then, that indium and probably most molten metals act
as a sink for impurities with low solubilities in Ge, especially the
rapidly diffusing copper. This explains why no thermal conversion
occurs in the process of making alloy junctions, in spite of the fact
that the temperature in many cases should be sufficiently high, and
even when copper is purposely added. In addition, it appears that
thermal conversion during any kind of high-temperature treatment of
germanium may be prevented by bringing the germanium into contact
with a suitable molten metal during the heating process.
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Summary—The surface recombination welocity ordinarily attained on
silicon surfaces as a result of common etches is of the order of 10% centi-
meters per second. This high value is a serious limitation in the perform-
ance of silicon transistor devices due to the loss of minority carriers at
the surface. Films of aniline-like aromatic liquids and films of sodium
dichromate-like salts have been found which dramatically reduce the recom-
bination velocity by two orders of magnitude. Surface recombination veloci-
ties similar to those commonly obtained on germanium (100 centimeters per
second) can be obtained for p-type silicon. In case of n-p-n alloy type
silicon tramsistors, surface treatment with sodium dichromate commonly
leads to values of the current amplification factor, ac, which are four times
larger than the values observed before the treatment. The surface treat-
ments also eliminate “channeling leakage” at p-n junctions. This is con-
sistent with the view that the films produce their effects by causing the
energy bands (in p-type silicon) to curve upwaerds at the surface.

A tentative hypothesis is proposed to account for the behavior of the
surface films.

INTRODUCTION

HE electrical characteristics of semiconductor devices are greatly
i affected by surface recombination of minority carriers. It is
well known that the base-to-collector current amplification factor,
g, of transistors decreases! and the junction saturation current in-
creases®? with an increase in the surface recombination velocity, s. With
germanium, conventional electrolytic and chemical etches lead to rather
low values of s (50-200 centimeters per second). High values of ay,
may be obtained with conventional etches, since only a very small
fraction of the current carriers injected by the emitter is lost at the
surface. In silicon, however, s remains high (5,000-10,000 centimeters
per second) after etching with the common etches. Consequently it is
more difficult to obtain high values of a,, in the case of silicon devices.
It is particularly important, therefore, in the case of silicon to consider
other means than etching for the reduction of s.

* Reprinted from RCA Review, March, 1956.

T Presented at the I.R.E.-A.ILE.E. Conference on Semiconductor Re-
search, Philadelphia, Pa., June 22, 1955.
. 1 A. R. Moore and J. I. Pankove, “Effect of Junction Shape and Surface
Recombination on Transistor Current Gain,” Proc. I.R.E., Vol. 42, pp.
907-913, June, 1954.

2W. M. Webster, “The Saturation Current in Alloy Junctions,” Proc.
LR.E., Vol. 43, pp. 277-280, March, 1955.
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Considerations by A. Moore and W. Webster,? for instance, lead to
the conclusion that an increase in the doping impurity concentration
at the surface of a semiconductor will tend to inhibit surface recombi-
nation. Under these conditions, the minority carriers are prevented
from reaching the surface by an internal electric field associated with
the variation in doping impurity concentration. In p-type silicon,
therefore, a surface treatment which causes the energy bands to curve
upwards at the surface should similarly cause a reduction in s. It was
thought that this effect may be produced by a chemical treatment
which leads to a surface film containing ionic components of high elec-
tron affinity. Attempts to produce films of this type on silicon surfaces
have achieved a dramatic reduction of s. Surface recombination veloci-
ties similar to those commonly obtained on germanium are achieved
on p-type silicon by these treatments. A description of the techniques
used and the results obtained constitute the subject matter of the
present report.

MATERIALS AND PROCESSING TECHNIQUES

Two groups of chemical compounds have been found to produce
surface films on silicon which greatly reduce the surface recombination
velocity. One is a group of strongly ionic salts which are oxidizing
agents. Sodium dichromate is a typical example. The other is a group
of aniline-like aromatic liquids. The conditions under which the two
groups of compounds produce the desired effect differ considerably and
consequently each case will be discussed separately.

The practices involved in the use of sodium dichromate-like salts
for the reduction of s on p-type silicon are extremely simple. A solu-
tion of the salt in distilled water is prepared and a droplet applied to
the area to be treated. The water evaporates and leaves a strongly
adsorbed salt film on the surface which leads to an immediate and
permanent reduction of s. The concentration of the salt in solution is
not critical; values on the order of 1 per cent by weight are normally
used. The silicon specimen must be freshly etched before the applica-
tion of the salt. A hot sodium hydroxide solution is normally used as
the etch and good results are obtained with a solution of 7 grams
of the hydroxide in 100 cubic centimeters of water heated to 80°C.

When aromatic liquids are used, the practices involved are more
complicated. The vapor pressure of the liquid is high so that lasting

3A. R. Moore and W. M. Webster, “The Effective Surface Recombina-
tion of a Germanium Surface with a Floating Barrier,” Proc. I.R.E., Vol.
43, pp. 427-485, April, 1955.
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reductions of s are obtained only when the silicon specimens are her-
metically sealed in containers filled with these liquids. The aromatic
liquids inhibit surface recombination only in the presence of an electric
field. The difference in potential between the emitter dot and the
adjacent surface of the silicon often is sufficient to establish the requi-
site electrical gradient in a transistor device but in some cases auxiliary
electrodes are essential for optimum results. Before immersion in the
aromatic liquid, the silicon specimens are etched in the hot sodium
hydroxide solution described above.

TENTATIVE HYPOTHESIS OF FILM BEHAVIOR

The exact behavior of the inorganic salts which reduce surface re-
combination on p-type silicon is not completely understood. Neverthe-
less, it is of interest to consider a tentative hypothesis based on the
observation that these salts are relatively strong oxidizing agents and
belong to reversible systems of oxidation-reduction reactions. It is
proposed that the oxidation-reduction potential developed in such
systems modifies the surface potential in such a manner that minority
carriers are inhibited from reaching the surface. It is this effect which
reduces the effective recombination rate. Other systems for creating
such a barrier within the semiconductor to achieve similar results have
been discussed by Moore and Webster.3

The terms oxidation and reduction are used in their general sense,
i.e., an oxidation reaction is one in which an element loses electrons
and thus increases in valence. Oxygen may or may not be involved.
Conversely, in a reducing reaction an element gains electrons to de-
crease its valence. Thus the dichromate-chromic system (e.g., sodium
dichromate) has been found effective in the reduction of surface re-
combination velocity, and

reduction
C,++++++ 4 3electrons _ C,t+++
oxidation

where the reduction and oxidation directions refer to the chromium.
In a reversible system, both the oxidized and reduced components
may be present simultaneously and an equilibrium will be reached be-
tween them and the electrons. An inert metallic electrode immersed in
a solution of oxidized and reduced components will give up or abstract
electrons according to the inclination towards reduction or oxidation,
respectively. In our example, the strongly oxidizing dichromate inclines
the reaction to reduction (of C,++++++) and in so doing abstracts
electrons from the electrode. The potential of the electrode is thereby
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raised with respect to the solution. This petential, measured under
standard conditions, determines the equilibrium state and, in electro-
chemistry, is the “standard oxidation-reduction potential.”” For our
example, the standard potential E, is 1.3 volts.

It is characteristic of the salts found effective for the reduction of
surface recombination on p-type silicon that they have relatively large
positive standard potentials (> 0.8 volt). Thus the following systems
have been found effective for possible practical use:

System E,
MnO,:MnO, 1.6
Cl0O—:Cl— 9
Cr,0,:Crt+++ 1.3

In addition many other oxidation-reduction systems, some of a par-
ticularly simple type, have been found equally effective in reducing s.
Many of these are not suitable for practical use because of chemical
instability, excessive moisture effects and the like. However, it is char-
acteristic of all that their standard oxidation-reduction potentials ex-
ceed 0.3 volt.

In the case of a metallic electrode, the oxidation-reduction potential
is supported in a narrow region of the solution adjacent to the electrode.
It cannot be supported in the electrode itself since the electrode is a
good conductor. If a semiconductor is substituted for the metallic elec-
trode, the situation is entirely different. With a semiconducting elec-
trode the fixed charge concentration (impurity density) in the semi-
conductor is generally much lower than the ionic concentration in
ordinary electrolytes. Under these conditions it is much easier to sup-
port the potential in the semiconductor than in the solution. Thus, we
arrive at the conclusion that the surface of a chemically inert semi-
conductor immersed in an oxidation-reduction solution will charge up
to the appropriate standard electrode potential while the interior of the
semiconductor will remain unaffected. In the case of a positive electrode
(or surface) potential, this creates just under the surface the type
of barrier described by Moore and Webster to inhibit surface recom-
bination on p-type material. That is, the surface is effectively more
p-type (through the loss of electrons) than the interior. The resultant
internal electrostatic field prevents minority carriers from reaching
the surface and consequently the effective surface recombination rate
is lowered.

It has also been suggested that s may be a function of surface
potential because of its effect on the population of surface traps. What-
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ever the detailed reasoning it does not seem improbable that adjust-
ment of the surface potential can have a drastic influence on surface
recombination.

It is recognized that in the experimental evidence described earlier
we do not have the “standard” solutions so that the actual potential
will be somewhat different from the standard potential. Moreover, in
the absence of definite information to the contrary the possibility of
a chemical reaction with the silicon has been neglected. However, in
the present hypothesis, it is suggested that these effects would modify
the magnitude of the potential but not alter the general argument.

The above argument has been derived solely from observations on
inorganic oxidation-reduction systems. If this hypothesis is a general
one it should also explain the action of the aromatic liquids; these are
equally effective in reducing s but require a small electrolyzing voltage.
The chemistry of these materials is complicated and very little is known
about their reaction with silicon. However, nitrobenzene forms many
intermediate products during electrolytic reduction to aniline and one
of these products is quinone. It is suggested that this intermediate
product might be the active ingredient. Quinone and hydroquinone
form a well-known oxidation-reduction system with a standard elec-
trode potential of 0.718 volt. A mixture of quinone and hydroquinone
(quinhydrone) in water solution was tried on p-type silicon (without
an electrolyzing potential). This solution was found to be fully as
effective as either aniline or nitrobenzene for the reduction of s. The
function of the polarizing voltage required for the latter compounds,
according to this view, is simply to provide for anodic oxidation or
cathodic reduction to the active intermediates at the semiconductor
surface.

EXPERIMENTAL PROCEDURES AND RESULTS

The effect of the surface treatments on the recombination velocity
was determined either directly by measurements of the s of a particular
silicon surface before and after application of the film or indirectly
by measurements of the «, of a silicon transistor before and after
application of the film to the emitter area.

The light-pulse photoconductivity technique was used for the direct
measurements. Thin wafers of silicon (about 5 mils thick) were pre-
pared for the test by an initial etch in CP4 and a final etch in a hot
sodium hydroxide solution. To minimize the contribution of volume
recombination to the loss of current carriers, silicon of good bulk life-
time (> 20 microseconds) was used for the direct measurements.

Direct measurements were made on the sodium dichromate, aniline,
and nitrobenzene systems with p-type silicon.
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In case of the sodium dichromate-p-type silicon system, a permanent
reduction of s from a value of about 5,000 centimeters per second to a
value less than 100 centimeters per second was found to occur as a
direct vesult of application of the film.

In case of the aniline and the nitrobenzene—p-type silicon system,
the silicon specimen was inserted between two condenser plates with
films of the aromatic liquid occupying the space between the major
surfaces of the silicon specimen and the condenser plates. When aniline
was used, the surface recombination velocity was reduced from an
approximate value of 5,000 to a value of 100 centimeters per second.
This reduction of s, however, was contingent upon the application of a
negative voltage of about one volt to the condenser plates with respect
to the silicon specimen. In the absence of this voltage no reduction of
s was observed. When nitrobenzene was used, the value of s decreased

Table I-—n-p-n Silicon Transistor Performance Before and After
Sodium Dichromate Treatment

4 kc Current Ampli- Effective Life-
fication Factor (a.s) 4 ke Power Gaindb time (7e) usec.
Transistor  Before After Before After Before After
A No.1 8.2 29.5 33.0 40.5 .75 1.0
No. 2 7.4 30.0 33.0 38.6 T 1.1
No. 3 8.4 29.1 33.1 40.2 q 9
No. 4 8.5 27.2 30.3 35.3 Wi 1.1
B No.1 4.6 13.2 29.5 37.6 .35 .55
No. 2 5.7 14.0 30.5 36.0 5 .75
No. 3 4.0 115 30.5 56.7 5 N
No. 4 5.3 13.3 31.0 36.1 .45 .6

All values of gain measured at V. =6 volts, Iz =1 milliampere. Power
gain measured with resistive input and conjugate matched output.

from 5,000 to 220 centimelers per second as a result of the application
of a positive voltage of one volt to the condenser plates.

Many of the tests carried out to determine the effect of the surface
treatments have involved measurements of «,, before and after apply-
ing the film to the emitter area of an alloy type n-p-n silicon transistor.
Since the use of sodium dichromate films has shown the most promise
for practical applications, a large number of tests have invalved this
salt. Table I is a summary of the results obtained.

The large increases of «., observed for the transistors of group A
are typical of results obtained with units made from silicon of rela-
tively high bulk lifetime. The transistors of group B were made with
base widths equal to those of group A but with silicon of low bulk
lifetime. Since bulk recombination contributes materially to the loss
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of minority carriers in these units, smaller increases in «,, were ob-
tained. The effective lifetime, r,, which is determined by bulk as well
as surface recombination was measured by a pulse injection technique.*

Similar indirect measurements were used to determine the effects
of various other surface films. The results obtained indicate that for
silicon of equal bulk lifetime and for transistors of equal base widths,
roughly equal increases in «, are obtained when other strongly ionic
salts are substituted for sodium dichromate. This is true, for instance,
in the case of magnesium chromate, calcium dichromate, calcium hypo-
chlorite, lithium dichromate and potassium permanganate.

Indirect measurement showed that results similar to those obtained
with aniline could also be achieved with pyredine, nitrocyclohexane,
O-nitrotoluene, 2, 4 dinitrofluorobenzene and «-100 napthalene. In these
cases, maximum increases in the current amplification factors were
obtained with those aromatic liquids which required an applied negative
potential for their “activation.” This is consistent with the fact that
n-p-n transistors require a negative emitter-to-base bias during opera-
tion. Thus with aniline, which direct measurements showed to require
a negative potential, the increase in «,, was equal to that with sodium
dichromate. On the other hand, the increase was smaller with nitroben-
zene, which direct measurements showed to require a positive potential.

A few tests were carried out with n-type germanium and silicon.
Sodium dichromate showed no effect while immersion in aniline did
increase the current-gain factors of p-n-p transistors.

The effects of the surface films on p-type silicon appear permanent.
This observation is based largely on experimental data for transistors
using sodium dichromate films. A relatively large number of hermeti-
cally sealed n-p-n silicon transistors made with the sodium dichromate
film have shown no decrease in current amplification factor on shelf
life. A few of these transistors have also been exposed to a temperature
ambient of 150°C for as long as 48 hours. A decrease in the current
amplification factor occurs as a result of the heating. The rate of de-
crease is appreciable, however, only during the first hours of heating
and in all cases the transistors after baking have shown values of a
substantially higher that those observed before the application of the
film.

OTHER EFFECTS OF SURFACE FILMS

In the course of these investigations, other effects have been ob-
served which are consistent with the view that the films cause the

4 L. R. Lederhandler and L. J. Giacoletto, “Measurement of Minority
Carrier Lifetime and Surface Effects in Junction Devices,” Proc. I.R.E.,
Vol. 34, pp. 477-483, April, 1955.
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energy bands (in p-type silicon) to curve upwards at the surface. The
presence of the films at the p-n junctions was found to cause an im-
provement of the reverse junction characteristics. This effect is illus-
trated by the curves A and B of Figure 1. Curve A was obtained before
and curve B after application of a sodium dichromate film to the silicon
surface adjacent to a p-n junction. “Roundhouse” reverse character-
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Fig. 1—Diode characteristics of p-n junction on p-type silicon before and
after application of sodium dichromate to junction area.

istics of the type shown by curve A are often ascribed to “channeling
Jeakage” at the p-n junction due to the fact that the energy bands
normally tend to curve downwards at the surface (in p-type semicon-
ductors). The elimination of the “roundhouse” characteristic in curve
B may thus be considered evidence that the application of the surface
film has reversed the curvature of the energy bands at the surface.
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Summary—In the past, the performance of p-n-p alloy transistors at
high currents has been limited by the decrease of emitter efficiency with
current level. The addition of small percentages of gallium or aluminum
to indium, for use as the emitter alloy, produces greatly improved high-
current characteristics. As compared with pure indium, the use of gallium
alloys improves emitter efficiency by about 3.5 times, and the use of alumi-
num-bearing alloys by about 10 times. Techniques for preparation of the
alloys and results of tests om transistors using the various emitters are
described. Volume lifetime is measured as a function of injection level to
permit comparison with the theoretical equations for current amplification
factor. These measurements are discussed briefly, and a revised equation
for current amplification factor at high currents is given.

INTRODUCTION
NE of the most common methods used in making rectifying p-n
junctions in semiconductors is the alloy process.!-? In this

technique a metal is alloyed into the semiconductor. When
cooling takes place, some of the metal atoms remain in the recrystal-
lized material. Depending on the choice of metal used for alloying,
the recrystallized zone may be either “n” or “p” type.

A metal must have certain characteristics to be suitable for alloying
into a semiconductor to form rectifying junctions and transistors. It
should have low vapor pressure at the alloying temperature so that it
will not evaporate and thus spread over the entire surface of the device.
It should be soft to minimize mechanical strain during freezing and
cooling. It should readily wet the surface of the semiconductor in a
controllable fashion. Electrically, the junctions so formed should have
low saturation currents, high reverse impedances, and low forward

* Reprinted from RCA Review, March, 1956.

7 Presented at the I.R.E.-A.I.E.E. Conference on Semiconductor Device
Research, Philadelphia, Pa., June 20, 1955.

i RCA Semiconductor Division, Harrison, N. J.

# Formerly RCA Semiconductor Division, Harrison, N. J.; now with
CBS Hytron, Danvers, Mass.

!R. 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. 1362, November, 1952,

*R. N. Hall, “Power Rectifiers and Transistors,” Proc. I.R.E., Vol. 40,
p. 1512, November, 1952.
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resistance. The breakdown voltage should be high. If the alloy is
intended for use as the emitter of a transistor, the injection efficiency
of the junction, y, should be high.?

Because indium satisfies these requirements well, it has been widely
used in the familiar p-n-p transistor. At high current levels, however,
the injection efficiency of the emitter junction decreases, causing a
reduction in current amplification factor.! In addition, the current
amplification factor varies from unit to unit when indium emitters are
used, indicating possible variations in emitter efficiency.

Shockley® has pointed out that emitter efficiency depends on the
ratio of majority-carrier concentration on the two sides of the emitter
junction. The emitter efficiency and, hence, current amplification factor
are higher in transistors having high-conductivity emitter regions. In
a p-n-p alloy transistor, the critical region is the p-type layer formed
during the recrystallization process. A possible method of improving
emitter efficiency involves the use of alloying materials having higher
segregation coefficients, i.e.,, metals which are more soluble in solid
germanium. When recrystallization occurs, a higher concentration of
these metals remains in the recrystallized germanium, and the desired
higher conductivity results.

EXPERIMENTAL WORK WITH GALLIUM AND ALUMINUM ALLOYS

Both gallium and aluminum have the desired characteristics for use
as possible p-type “doping” agents. Their segregation coefficients at
the melting point of germanium are 100 times greater than that of
indium. It is reasonable to expect that they will also be more soluble
than indium in solid germanium at the lower temperatures used in
alloying. However, the physical properties of both metals have limita-
tions. Gallium, for example, is molten at room temperature and cannot
be used for mechanical support of connections. It is also difficult to
alloy appreciable quantities of gallium with most other soft metals.
Many three-component alloys containing gallium and other soft metals
become hard and very brittle, frequently breaking into powder during
subsequent processing. Aluminum, on the other hand, quickly forms
an oxide surface which makes alloying difficult. When alloyed with
germanium, it also forms a hard and brittle eutectic which makes
penetration control difficult and causes severe mechanical strains.

Fortunately, it has been found that the advantages of both gallium

3 W. Shockley, Electrons and Holes in Semicanductors, D. Van Nostrand
& Co., New York, N. Y., 1950; pp. 90-91.

¢W. M. Webster, “On the Variation of Junction-Transistor Current
Amplification Factor with Emdtter Current,” Proc. I.R.E., Vol. 42, p. 914,
June, 1954,
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and aluminum as “doping” agents may be retained when only small
percentages of these metals are combined with one or more other com-
ponents.” With these low concentrations, some of the mechanical diffi-
culties can be minimized.

Reproducible gallium-bearing alloys have been made using indium
as a major element, with small percentages of gallium and gold or silver
added. The third constituent, gold or silver, acts as a carrier agent
for the gallium, and insures that the gallium content is reproducible
and consistent. In addition, the use of gold or silver favorably modifies
the surface tension of the alloy, improves its wetting properties, and
results in more consistent and uniform alloy penetration.

These gallium-bearing alloys exhibit alloying and recrystallization
properties similar to those of pure indium. The depth of penetration
or alloying depends on the relative amounts of the three materials. In
general, the percentages of gallium and carrier metal are not critical.
Satisfactory results have been obtained with alloys having gallium
concentrations between 0.1 and 0.5 per cent, and gold or silver con-
centrations between 2 and 10 per cent.

It is more difficult to obtain consistent wetting and alloying of alloys
containing 0.5 to 2.0 per cent aluminum in indium. Three methods have
produced fairly satisfactory results, although each has disadvantages.
In the first method, a dot of indium is first soldered or alloyed to ger-
manium at a relatively low temperature. Another indium dot contain-
ing a small percentage of aluminum is then placed on top of the first
dot and the combination is fired at a higher temperature. During firing,
the aluminum from the second dot mixes with the first, or pre~-wetted,
dot. In the second method, an aluminum-bearing dot is soldered to
germanium with the aid of a chemical flux. Metallic (zinc-chloride)
fluxes tend to leach out the aluminum and produce low emitter efficiency.
Satisfactory results have been obtained with some organic fluxes. The
third method involves the preparation of special alloying dots in which
the aluminum-bearing portion is surrounded by or sandwiched between
layers of a “good-wetting” indium alloy or pure indium. The external
layers wet the germanium at a fairly low temperature, but the alumi-
num becomes uniformly distributed only at higher alloying tempera-
tures.

Junctions made with gallium or aluminum alloys exhibit essentially
the same rectification properties as those made with pure indium. Be-
cause the emitter efficiency is higher, the current amplification factor

“ A power transistor using gallium in the emitter was described by the
Philips Company at Hamburg, Germany, in September, 1954, See also
L. J. Tummers, “The Influence of Minority Carrier Injcction on Power
Transistors,” N.T.F., Beiheft No. 1, pp. 81-32, 1955.
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is greater at normal currents and decreases at a slower rate with
increasing current. If desired, germanium having a lower resistivity
may be used with these alloys without significant reduction of current
amplification factor. Consequently, more freedom is allowed in the
choice of one of the important transistor-design parameters.

ELECTRICAL CHARACTERISTICS

Irigure 1 shows typical curves of small-signal common-emitter cur-
rent amplification factor, «,,. as a function of emitter-current density
for transistors using emitters made of (1) indium, (2) indium-silver—
gallium alloy and (3) indium—-aluminum alloy. These units are identical
except for emitter material. The emitter diameter is 0.015 inch and
the junction spacing, W, is 0.0013 inch. The data shown in Figure 1
was measured on what is termed a “raw’” surface, i.e., a condition of
low surface-recombination velocity, s, which is obtained by electrolytic
etching. Similar curves are shown in Figure 2 for the same three
transistors with the surface modified to increase s to a relatively high
value. This modification reduces the current amplification factor
greatly at low currents and to a smaller degree at high currents.

It can be seen that the value of «,;, is considerably increased by the
addition of gallium or aluminum and that this higher value is main-
tained to much higher emitter currents than is possible with pure
indium emitters. Some transistors using aluminum alloy emitters have
exhibited «,, values greater than 100 at emitter-current densities of
1,000 amperes per square centimeter. It has also been found that the
variation of small-signal current amplification factor (measured at
low currents) between transistors is less when gallium-bearing alloys
are used than when pure indium emitters are used. The reason for
this improved uniformity may be simply that variations in emitter
efficiency contribute to the spread of low-current «., when the emitter
efficiency is low. Although transistors using aluminum-bearing alloys
are even more variable at present than those using pure indium, the
variation is probably due to the processing problems mentioned pre-
viously.

THEORETICAL DISCUSSION

As mentioned above, the current amplification factor of a transistor
is limited by three factors: (a) surface recombination, (b) valume re-
combination, and (c¢) emitter efficiency. In most p-n-p alloy transistors,
surface recombination is the major limitation at low current levels, as
discussed by Moore and Pankove.? However, all three factors may vary

5 A. Moore and J. I Pankove, “Effect of Junction Shape and Surface
Recombination on Transistor Current Gain,” Proe. I.R.E., Vol. 42, p. 907,
June, 1954.
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Fig. 1—Variation of small-signal current amplification factor, a., with
emitter-current density for (1) pure indium, (2) gallium—-indium, and (3)
aluminum-indinm emitters. Surface-recombination velocity, s, is low.
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with emitter current, as shown by Webster,® Rittner,® and Misawa.”
At higher currents, the relative importance of the three factors changes.
The percentage of carriers lost from the base by surface recombination
decreases by a factor of two due to the development of a small electric
field in the base region which aids the flow of these carriers to the
collector. Emitter efficiency decreases with increasing emitter current
and eventually becomes more important than surface recombination in
limiting the current amplification factor, ay,.

It was assumed by Webster that volume lifetime would also decrease
with increasing emitter current. This assumption was a consequence
of treating volume recombination as a bimolecular process (i.e., the
rate of recombination is proportional to the product of hole and electron
densities). Recent experiments indicate that this theory is incorrect.
Effective lifetime measurements were made on alloy junction diodes in
the manner described by Lederhandler and Giacoletto.® The effects of
surface recombination were minimized by making the diodes on thick
slabs of n-type germanium having a resistivity of 1.5 ohm-centimeters.
The diodes were etched in such a way that surface-recombination
velocity was very low. Figure 3 shows the volume lifetime of two such
diodes as a function of the ratio p/ng, where p is the injected density
of holes and n, is the equilibrium density of electrons in the base
material. It can be seen that the lifetime is fairly constant at low in-
jection levels, increases somewhat as the injection level is increased,
and then remains essentially constant to quite high injection levels.
This data has been confirmed by W. P. Senett of the RCA Semiconduc-
tor Division who has measured volume and surface recombination as
functions of injection level by a different method in which pulsed light
is used as a minority-carrier source. The behavior shown in Figure 3
is qualitatively consistent with the Shockley—Read theory of recombina-
tion.! As a point of reference, when the emitter-current density is
about 270 amperes per square centimeter, the injection level, p/n,, is
equal to 50 for a transistor in which the base region has a resistivity
of 1.5 ohm-centimeters and a width of 0.0033 inch.

These measurements indicate that the equation given by Webster
for small-signal current amplification factor as a function of emitter

6 E. S. Rittner, “Extension of the Theory of the Junction Transistor,”
Phys. Rev., Vol. 94, p. 1161, June, 1954.

TT. Misawa, “Emitter Efficiency of Junction Transistors,” Jour. Phys.
Soe. Japan, Vol. 10, p. 362, May, 1955.

¥ 8. Lederhandler and L. J. Giacoletto, “Measurement of Minority-
Carrier Lifetime and Surface Effects in Junction Devices,” Proc. I.LR.E.,
Vol. 43, p. 477, April, 1955,

9 W. Shockley and W. T. Read, Jr., “Statistics of the Recombinations
of Holes and Electrons,” Phys. Rev., Vol. 87, p. 835, September, 1952,
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current should be revised. Experiments have shown that surface-
recombination velocity, s, as well as volume lifetime, is fairly constant
at higher injection levels (at least for the surface treatment described
above). Only emitter efficiency, therefore, changes appreciably with
current, causing the observed reduction in current amplification factor.
At high currents (p/n, » 1), the equation for current amplification
factor in a p-n-p transistor is given by*
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Fig. 8—Variation of volume lifetime with injection level for two alloy-
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where a,;, is the small-signal a-c collector-to-base current amplification
factor, W is the effective junction spacing, s is the surface recombina-
tion velocity, 4, is the area over which surface recombination takes

* Equation (1) supplied by W. M. Webster. The factor 1/2 which
appears in the third term does not appear in Reference (4), but is the result
of a more rigorous derivation$ 7 which states that ¢,W/c¢.L, should be multi-
plied by (1 4 p/n.) rather than (1 4 Z). At high currents, (14 p/n)
approaches Z/2.
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place, D, is the diffusion constant for holes in the base region, A is the
area of the emitter, ¢, is the conductivity of the emitter region adjacent
to the junction, L, is the diffusion length for electrons in the emitter
region, 7 is the volume lifetime at high injection levels, u, is the elec-
tron mobility, and I is the d-c emitter current.

The first term in Equation (1) represents the effects of carrier loss
due to recombination at the surface. As Moore and Pankove® have
shown, this loss occurs mainly in a circular region around the emitter
having a width approximately equal to the junction spacing, W. The
second term gives the loss of carriers in the base region due to volume
recombination, and the third term gives the effect of injection efficiency.
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Fig. 4—Curves of 100/«., versus emitter-current density for (1) pure
indium, (2) gallium-indium, and (3) aluminum-indium emitters. The value
of o,L. can be obtained from these curves.

Equation (1) indicates that the product ¢,L, can be compnted from
the slope of a curve showing 1/« as a function of Ip provided the
emitter area and the junction spacing are known. The data shown in
Figure 1 is replotted in Figure 4 to show 100/« as a function of
emitter-current density. The curves in Figure 4 illustrate the differ-
ence between the units. The values of o,L, obtained from these curves
were approximately 0.6 mho for pure indium, 2 mhos when gallium is
added, and 6 mhos for aluminum alloys. The values for indium and
gallium alloys are relatively consistent, having a spread of about two
to one, but wider variations are observed in aluminum alloys. Although
values of ¢,L, as high as 30 mhos have been observed, it is felt that
6 mhos is a fairly typical figure.
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DI1sCcuUSSsION

The use of these alloys permits a given p-n-p geometry to be used
at much higher currents than previously considered practical. The
alloys are very useful, therefore, in power transistors for audio output
stages, switching service, and the like. Because high current amplifi-
cation factor values are maintained to high current levels, high-level
operation with good sensitivity and low distortion is possible. With
these alloys, it is also possible to make good emitters on low-resistivity
base layers, and thus to improve high-frequency devices. A less obvious
advantage concerns p-n-p and n-p-n transistors which are symmetrical
in electrical characteristics. If two devices are identical in all respects
(dimensions, conductivities, etc.) except that one is n-p-n and the other
p-n-p, current amplification factor will decrease less rapidly with in-
creasing emitter current in the n-p-n unit by the square of the ratio
of electron mobility to hole mobility (4 in germanium) .4 It is desirable,
therefore, to use a higher value of o.L, in the p-n-p transistor than in
the n-p-n unit so that true complementary symmetry will be maintained
at high currents. The flexibility introduced by the new p-type alloys
permits closer matching of characteristies.
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RECENT ADVANCES IN POWER JUNCTION
TRANSISTORS*

By
B. N. SLADE

RCA Laboratories,
Princeton, N. J.

Summary—This paper is i two parts. Part I describes improved p-n-p
alloy junction power transistors designed primarily for amplifier operation
at dissipations of 5 watts per unit. Part II describes improved n-p-n power
transistors having characteristics which arc similar to those of the p-n-p
type. Acceptor and donor elements such as gallium and arsenic, which have
high segregation coefficients in germanium, are used in the emitter alloy
to improve emitter injection efficiency. With improved emitter efficiency,
collector-to-base current ratios (d-c alpha) between 30 and 50 at 1 ampere
are consistently obtained on both n-p-n and p-n-p types. With close spacing
between junctions, values an the order of 200 at 1 ampere have been
achteved.

Modifications in the design of the p-n-p type have resulted in transistors
with breakdown voltages greater than 100 volts and other characteristics
desirable for use in high-voltage switching circuits such as television
deflection.

PART I— P-N-P POWER TRANSISTORS

INTRODUCTION

p-n-p and n-p-n alloy junction power transistors designed for

operation at one watt collector dissipation and at currents on the
order of 100 milliamperes. This paper extends some of the power
transistor design considerations discussed in that paper and discusses
recent developments in p-n-p alloy junction power transistors. These
experimental transistors have been developed primarily for use in
class A and B power amplifiers at dissipations of approximately 5
watts and at currents of one or more amperes. Two of these transistors
operated in class-B push-pull amplifier circuits are capable of 20 watts
output.? Some variations in the design of p-n-p power transistors for
use in high-voltage switching circuits such as are used for television
horizontal defiection are described.

JENNY AND ARMSTRONG! described the early development of

* Presented at the meeting of the I.R.E. Professional Group on Electron
Dev1ces, Washington, D. C., October 24-25, 1955.
1D. A. Jenny and L. D Armstrong, “Behavmr of Germanium-Junction
Transistors at Elevated Temperatures and Power Transistor Design,” Proc.
I.R.E., Vol. 41, p. 577, March, 1954.
:H. C. Lm, “90 Watt Transistor Audio Amplifier,” Transistors I, RCA
Laboratories, Princeton, N. J., 1956, pp. 536-546.
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Four important factors determine the operating capabilities of the
power transistor. The decrease in current amplification factor, alpha,
at high emitter currents limits the useful operating current, while the
junction breakdown voltage limits the useful operating range of volt-
ages. The series base-lead resistance?® r,,, through which the input
signal is usually fed, determines how much driving power is wasted.
Finally, the increase in junction temperature with increasing collector
dissipation determines both the dissipation capabilities of the tran-
sistor and the ambient temperature range over which it may operate
for a given dissipation.

The first three of these factors are, in many cases, interdependent
and must be so considered in designing the transistor for a particular
application. The fourth factor is affected by the mechanical construc-
tion of the device. The control and improvement of these factors are
discussed, and the characteristics of power transistors designed for
certain types of circuit applications are described.

CONSTRUCTION AND PROCESSING OF THE P-N-P Powgr TRANSISTOR

The mechanical construction of the transistor is shown in Figure 1.
The emitter and collector alloy dot diameters are .060 and .100 inch
respectively except in the case of the symmetrical transistors in which
both dots are .100 inch in diameter. The collector dot is pure indium
and the emitter is a gallium-silver-indium alloy.* Transistors with
comparable performance have also been made with aluminum-indium
emitters.* The n-type germanium pellets range from .009 to .011 inch in
thickness and 1.5 to 6 ohm-centimeters in resistivity depending upon
the electrical characteristics desired. A nickel—iron alloy base tab with
a hole 0.130 inch in diameter is soldered to the emitter side. The
Junctions are alloyed at 585°C. The collector is soldered to the copper
stud with Cerroseal,” an alloy which softens at approximately 100°C
and melts somewhat above this temperature. The low melting point
enables a solder connection to be made to the copper stud without
melting the collector dot, yet does not offer difficulty in operation.

The metallic parts of the assembly are masked with a vinyl lacquer

8 L. J. Giacoletto, “Equipments for Measurements of Junction Transis-
tor Small-Signal Parameters for a Wide Range of Frequencies,” RCA Re-
view, Vol. 14, p. 269, June, 1953.

*L. D. Armstrong, C. Carlson, and M. Bentivegna, “P-N-P Transistors
using High Emitter-Efficiency Alloy Materials,” Transistors I, RCA Lab-
oratories, Princeton, N. J., 1956, pp. 144-152.

* Trademark of the Cerro de Pasco Corp., New York, N. Y.
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during etching to prevent contact of the copper with the etching solu-
tion. The transistor is electrolytically etched in a solution of NaOH,
encapsulated with a thin coating of a silicone compound, baked for
several hours, and sealed.
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Fig. 1—Power transistor (cross section).

THERMAL DROP AND DISSIPATION

If the copper header clasely contacts a good heat sink, the high
thermal conductivity of the stud to which the collector dot is soldered
limits the temperature rise at the junction. For the mechanical con-
struction used in this transistor, a thermal drop between the collector
junction and copper stud of approximately 8° to 5°C per watt is
obtained.

To determine the maximum dissipation at which the transistor
can operate, the maximum junction temperature the circuit can tolerate
as well as the ambient temperature variations expected must be known.
For example, if the circuil can tolerate the changes in transistor
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characteristics occurring with junction temperatures as high as 85°C,
then the transistor can be operated at a dissipation of approximately
15 watts at 25°C if a 4°C per watt thermal drop is assumed. If the
equipment has to withstand ambient temperatures as high as 65°C,
the transistor could operate at dissipations of up to 5 watts. Methods
of determining the power ratings of transistors have been discussed
elsewhere.?

VARIATION OF CURRENT AMPLIFICATION FACTOR WITH
EMITTER CURRENT

Webster® has shown that the fall-off in current amplification factor,
a,.,, 0f a junction transistor at high currents is primarily due to a
decrease in emitter efficiency, i.e., a decrease in ratio of hole current
to electron current across the emitter junetion. Throughout this paper
the collector-to-base current ratio, called d-c alpha, rather than the
small-signal «,;,, will be used as a criterion of high-current perform-
ance, but the behavior of the two is qualitatively the same; at high
currents the magnitude of d-c alpha at a given current is approximately
twice the value of «y,.

Conventional alloy p-n-p transistors having pure indium for both
the emitter and collector show a fall-off of d-c alpha which is usually
great enough to limit useful operation of these transistors to emitter
current densities less than 50 amperes per square centimeter. This
d-c alpha fall-off results from a low emitter efficiency caused by a rela-
tively low emitter conductivity.

Recent work! has shown that higher emitter conductivities and
reduced d-c alpha fall-off can be obtained by doping the emitter alloy
metal with very small concentrations of acceptor impurities such as
gallium or aluminum. The improvement in the high-current perform-
ance of power transistors using gallium doped emitters is shown in
Figure 2 taken on p-n-p units of the construction herein described. The
improvement in d-c alpha fall-off of the gallium-doped over the pure-
indium emitter case can be seen more readily by the curves of reciprocal
d-c alpha versus I, in Figure 8. By use of the Webster analysis}’ it
can be shown that the slope of this curve should be inversely propor-
tional to the product of the emitter conductivity, o, and diffusion
length, L,, of the majority carriers in the emitter region. The small
slope of the curve for the transistor having the gallium-doped emitter
reflects a higher emitter conductivity and efficiency over the pure
indium case.

5 W. M. Webster, “On_the Variation of Junction Transistor Current
:]Ampllﬁcation Factor with Emitter Current,” Proc. I.R.E., Vol. 41, p. 914,
une, 1954.
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Fig. 2—D-C alpha versus emitter current for p-n-p power transistor.

The germanium resistivity of the base region also affects the alpha
fall-off. This occurs because low resistivities result in lower emitter
efficiencies at low emitter currents, while at high currents the emitter
efficiency is independent of the base resistivity. The effect of ger-
manium resistivity on alpha fall-off can be seen in Table I which shows
average values of d-c alpha at 100 milliamperes and 1 ampere for
different germanium resistivities. The ratio of d-c alpha values reflects
the fall-off in alpha.

The spacing between junctions, W, also has a considerable effect on
alpha. The average value of this spacing for the transisters tabulated
in Table I is approximately 2.2 mils. By adjusting the spacing W to
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Fig. 3—Reciprocal of d-c alpha versus emitter current for p-n-p power
transistor.
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values on the order of 1.2 to 1.5 mils, transistors have been made with
l-ampere d-c alphas as high as 200. However, as is shown later, W
cannot be decreased without also considering other design factors such
as base-lead resistance and emitter-to-collector punch-through.

Table I—High Current D-C Alpha for P-N-P Power Transistors
of Various Germanium Base Resistivities

Ratio of 100-milli-

Resistivity 100-milliampere l-ampere ampere d-c alpha to
(ohm-cm) d-c alpha d-c alpha 1-ampere d-c alpha
1-2 47 31 1.5
2-3 63 30 2.1
4-5.5 100 37 2.7

EFFECT OF PROCESSING ON ALPHA

The surface processing before and after encapsulation of the tran-
sistor affects d-c alpha and its fall-off. Freshly etched germanium
transistor surfaces usually have a very low surface recombination
velocity, s. However, this surface condition is generally quite unstable,
particularly at high temperatures. During transistor shelf or opera-
tional life at elevated temperatures, the value of s usually increases,
thus causing a decrease in the value of d-c alpha. Baking and aging
schedules have proved to be quite useful in stabilizing s. Although the
resultant d-c alpha values are lower than in the freshly etched case,
they remain substantially constant during life.

In addition to stabilizing the transistor characteristics, the aging
treatments also serve to reduce the fall-off of d-c alpha at high emitter
currents. Surface recombination plays an important part in the deter-
mination of alpha at small emitter currents, but its importance de-
creases as the emitter current is increased. Therefore the increase in
s during aging tends to flatten the alpha versus I, curve by reducing
the alpha at low currents to a greater extent than at high currents.
Table II shows average values of d-c alphas at 100 milliamperes and
1 ampere before and after the baking as well as the ratio of these
alphas for each case. The decrease in ratio indicates the decrease in
the alpha fall-off as a result of the aging process.

Except in Table II all the d-¢ alphas which are quoted in this paper
were measured after aging.

EFFECT OF EMITTER AREA ON D-C ALPHA

For a high value of emitter current, emitter efficiency can be in-
creased not only by increasing the emitter conductivity, but also by
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Table II—High Current D-C Alpha of P-N-P Power Transistors
Before and After Aging
Ratio of 1D0-milli-

100-milliampere l-ampere ampere d-c¢ alpha to

d-c alpha d-calpha  1l-ampere d-c alpha
Before aging 116 39 3.0
After aging 63 28 2.2

increasing the emitter area. Moore and Pankove® have shown that
because of the effects of surface recombination, improved alphas can
be achieved at low currents if the emitter is somewhat smaller than
the collector. Thus most alloy junction transistors, particularly those
designed to operate at low power levels, have been made with collectors
having larger diameters than the emitters. However, at high injection
levels the effect of surface recombination is less important than that
of reduced emitter efficiency. Thus by increasing the emitter area to
equal the collector area, an increase in high-current alpha can be
obtained with a decrease of low-current alpha. This leads to a flatter
curve of d-c alpha versus current, as can be seen in Table III. Tran-
sistors made with emitter and collector of 0.100-inch diameter are
compared to transistors of 0.060-inch diameter emitter and 0.100-inch
diameter collector. All transistors were made from the same ger-
manium crystal so that the base material resistivity was approximately
constant. It can be seen that the symmetrical geometry has superior
high-current d-c alpha and smaller alpha fall-off.

Table III—High Current D-C Alpha of Symmetrical and
Nonsymmetrical P-N-P Power Transistors

Junction 100-milli- Ratio of 100-milli-
Spacing ampere l-ampere ampere d-¢ alpha to
W (mils) d-c alpha d-c alpha 1-ampere d-c alpha
1.7 166 125 1.3
Symmetrical 2.3 66 50 1.3
case 2.4 60 40 1.5
3.0 40 25 1.7
1.7 200 60 3.3
Nonsymmetrical 2.3 55 22 2.5
case 24 35 17 2.0
3.0 36 10 3.6

6A. R. Moore and J. I. Pankove, “The Effect of Junction Shape and
Surface Recombination on Transistor Current Gain,” Proc. I.R.E., Vol. 42,
p- 907, June, 1954.
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In addition to improving the high-current d-c¢ alpha and alpha fall-
off, the transistors having equal-area junctions show useful sym-
metrical properties. Switching applications frequently require the
transistor to operate equally well in either direction, that is, with either
junction operating as an emitter. Table IV gives some typical data
indicating the degree of symmetry which can be obtained with these
devices.

Table IV—Electrical Characteristics of Symmetrical P-N-P
Power Transistors

Emitter cur- Collector cur-
rent with rent with
Emitter to Collector Breakdown voltage zero collec- zero emitter

collector  to emitter tor current current
d-c alpha  d-c alpha Emitter Collector (E.=-—25 (E.=—=—25
Unit (1 ampere) (1 ampere) junction junction volts) volts)
a 45 50 70 70 14 pa 15 pa
b 50 66 60 65 45 pa 50 pa
c 20 25 90 100 12 pa 13 ua
d 40 40 50 55 18 pa 18 ua

COLLECTOR BREAKDOWN VOLTAGE

Surface leakage generally causes voltage breakdowns at values
somewhat less than the theoretical “avalanche” breakdown,” particu-
larly in large-area junction devices. This surface breakdown occurs
because of the presence of leakage across the junction either at the
edge or underneath the alloy dot. Leakage may -occur underneath the
dots because of poor wetting of the indium alloy to germanium during
the alloying process. These problems become increasingly difficult as
the junction size is increased.

Careful surface processing before and after alloying has reduced
the leakage to values which are quite reasonable for large-signal
applications. Table V shows average values of reverse collector current
(COI1,) with the emitter open circuited at 1 volt and 25 volts for several
values of germanium resistivity. Saturation current values as calcu-
lated from the theory® vary from 2 microamperes for 1 ohm-centimeter
germanium to 10 microamperes for 5 ohm-centimeter. The readings
tabulated here indicate that (1) some leakage is present even at very

8. L. Miller, “Avalanche Breakdown in Germanium,” Phys. Rev.,
Vol. 99, p. 1234, August 15, 1955.

3W. M. Webster, “Saturation Current in Alloy Junctions,” Proc. I.R.E.,
Vol. 43, p. 277, March, 1955.
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Table V—Reverse Collector Currents of P-N-P Power Transistors
of Various Germanium Base Resistivities

Collector current Collector current
Resistivity with zero emitter with zero emitter
(ohm-cm) current (E, = —1 volt) current (E. = — 25 volts)
2 11 pa 31 pa
2.5 12 pa ab ua
4.8 18 ua 35 ua

low voltages since measured currents are somewhat greater than the
theoretical values of saturation current, and (2) the collector leakage
is relatively independent of the germanium resistivity.

Despite the presence of surface leakage, some relationship between
germanium resistivity and breakdown voltages can be shown experi-
mentally (Figure 4). Each point used in estahlishing this curve repre-
sents an average of 50 power transistors. Breakdown voltages greater
than 200 volts have been obtained on power transistors made with
5 ohm-centimeter germanium.

The breakdown voltages plotted in Figure 4 were measured at 25°C.
The effect of higher junction temperatures on breakdown voltage is
shown in Figure 5. Although most of the curves are quite flat to
temperatures of 75 to 80°C, some of them break rather sharply at
temperatures as low as 50°C. The change in breakdown voltage as a
function of temperature must be considered in determining the dissi-

120~ /
100 -
80—
60 |~

40 —

BREAKDOWN VOLTAGE - VOLTS

0 | 1 1 ] 1 |
0 1 2 3 4 B 6

BASE RESISTIVITY - OHM=-CM

Fig. 4—Collector breakdown voltage versus base resistivity for p-n-p power
transistor.
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pation capabilities of the transistors and the ambient temperature
range over which they can operate.

Emitter-to-collector “punch-through’” also may limit the maximum
useful voltage of the transistor. The width of the p-n junction deple-
tion layer® varies with the voltage across the layer and the resistivity
of the germanium as follows:

Width = K \/Vpp.

If the germanium resistivity is sufficiently high and the junction
spacing small enough, the collector depletion layer can touch the emitter
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Fig. 5—Breakdown voltage versus ambient temperature for p-n-p power
transistor.

junction causing punch-through. For example, if the junction spacing
at zero voltage were 0.5 mil at the closest point, and if the base resis-
tivity were 5 ohm-centimeter in resistivity, punch-through would occur
at a value less than 50 volts. This is apparent from Table VI which
shows some values of depletion layer widths as a function of ger-
manium resistivity and voltage.

Curved or nonuniform junction fronts can aggravate this problem
by causing punch-through even though the average W is relatively
large. Emitter-to-collector punch-through is therefore a problem at
close spacings and high resistivities, and may effectively limit the
minimum spacing and the maximum alpha.

¢ W. Shockley, “P-N Junctions in Semiconductors,” Bell Sys. Tech. Jour.,
Vol. 28, p. 449, July, 1949.
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Table VI—Width of Junction Depletion Layer for Various Voltages
and Germanium Base Resistivities

Resistivity Depletion layer width
(ohm-cm) Voltage (mils)
1 . 10 13
30 22
50 .28
3.3 10 .23
30 .40
50 52
5.0 10 .28
30 A48
b0 .62

BASE-LLEAD RESISTANCE

The series lead resistance, 7, is an important factor to be consid-
ered in power transistor design. Since the base is usually driven with
a low-impedance source, the lead resistance should be as small as
possible to minimize the waste 6f driving power. The series resistance
of the germanium between the base ring and the edge of the collector
junction, I, is

T2
log —

27 W 7y

where 7, is the radius of the base tab hole and 7, is the radius of the
collector junction. For the geometry shown in Figure 6 this component
of 7y, is approximately 1.6 chms per ohm-centimeter resistivity of the
germanium. Most of r,;,. lies between the junctions, I/, and is depend-
ent to a large extent upon junction spacing. Table VII shows average
values of r,;. as a function of resistivity and junction spacing.

R1:

These values were measured at 1 milliampere emitter current. At
high emitter currents the slope of the curves in Figure 7 of base voltage
versus base current gives an approximate value of the base-lead resist-

I
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ALLOY DOTS L’- J

—

Fig. 6—Junection and pellet assembly of power transistor.
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Table VII—Average Base-Lead Resistance of P-N-P Power Transistors
for Various Values of Germanium Base Resistivities and
Spacing Between Junctions

Germanium Base-lead
resistivity w resistance
(ohm-cm) (mils) (ohms)

1.5 95

4-5.5 2.0 80
2.5 65

1.5 85

2-3 2.0 55
2.5 38

ance. The values of r,,. for these transistors decrease from values of
45, 60, and 70 ohms at 1 milliampere to 9, 9, and 11 ohms respectively
at 2 amperes. This decrease may be due in large part to the increase
in base conductivity between the junctions at high injection levels,
but it may also be affected by the electric fields in the base region
formed by the electron and hole density gradients at high currents.

DESIGNS FOR SPECIFIC APPLICATIONS

The design considerations discussed in this paper are in many cases
interdependent. A change in one factor may improve one characteristic
while degrading another. However, the improvement in emitter effi-
ciency through the use of the new alloys discussed earlier has resulted
in an increased flexibility in the design of power transistors. Useful
values of alpha can be obtained at high currents with wider junction
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spacings, thus decreasing base lead resistance and punch-through prob-
lems. Furthermore, the current and voltage ranges have been extended.

The considerations described have been directed toward two general
fields of applications, (1) class-B audio output circuits for both high-
and low-voltage operation, and (2) high-voltage switching circuits such
as are used for television horizontal deflection. Table VIII shows some
typical characteristics of power transistors designed for these classifi-
cations. This is not intended to be a specification sheet. It only sum-
marizes some of the design factors considered in this paper.

Table VIII—Some Electrical Characteristics of P-N-P Power Transistors
Designed for Different Applications

Class-B Class-B High-voltage
high-voltage low-voltage switching
D-C alpha at 100 milliamperes 80 60 115
D-C alpha at 1 ampere 40 40 45
COI,; at —25 volts (microamperes) 25 25 25
Base-lead resistance (ohms) 45 20 80
Collector breakdown (volts) 65 35 120
Junction spacing (mils) 2.2 2.2 2.2

PART II —N-P-N POWER TRANSISTORS
INTRODUCTION

N-p-n transistors may be substituted in a circuit for p-n-p tran-
sistors of equivalent characteristics with only a reversal of the voltage
polarities. However, their usefulness is very much greater than this
simple substitution when used in conjunction with p-n-p transistors.
Since the current and voltage polarities of the n-p-n are opposite to
those of the p-n-p, circuits utilizing this complementary feature!®!!
are possible. This is not possible in vacuum-tube circuitry since a
similar complementary device is not available. Furthermore, it has
been shown that circuitry employing this complementary principle, such
as single-ended push-pull and direct-coupled cascaded amplifiers, makes
possible a considerable reduction in the number of circuit components.
Thus, much more is to be gained from having both n-p-n and p-n-p
types available than the simple addition of one more transistor type.

In addition, the n-p-n power transistor is of interest on its own

1A, Aronson, “Transistor Audio Amplifiers,” Transistors I, RCA
Laboratories, Princeton, N. J., 1956, pp. 515-535.

1 G. Sziklai, “Symmetrical Properties of Transistors and their Applica-
tions,” Proc. I.R.E., Vol. 41, p. 7117, June, 1953.
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merits, for the greater mobility of electrons in germanium leads to
a smaller decrease in alpha at high currents than occurs in a similar
p-n-p transistor.

In this part the development of the n-p-n power transistor is dis-
cussed. This type has been developed primarily for amplifier operation
at approximately 5 watts dissipation and may be used in complementary
symmetry circuits with p-n-p power transistors having similar char-
acteristics.

PROCESSING

The basic construction of the p-n-p transistor described in Part I
is used with minor modifications for the n-p-n type. Alloy dots of 1
per cent arsenic by weight and 99 per cent lead are used for both
emitter and collector. The junctions are alloyed for 30 minutes at
750°C and the transistor is etched in a high-current-density electrolytic
etch using NaOH as the electrolyte. A lead-tin—-indium alloy having
a melting point of 295°C is used for soldering the collector to the
copper stud. The junction assembly is encapsulated with a silicone
grease before sealing.

DoNOR ALLOYS FOR N-P-N PowER TRANSISTORS

The donor impurity alloy for the n-p-n transistor should fill three
major requirements: (1) the emitter conductivity after alloying should
be high in order to obtain a high emitter efficiency; (2) the germanium
should be sufficiently soluble in the alloy at the alloying temperatures
to assure adequate junction penetration; and (3) the alloy metal should
be soft in order to minimize thermal strains between the alloy and the
germanium. During the early development of the general purpose
n-p-n junction transistor, Jenny!? considered these requirements and
chose a eutectic with the composition 10 per cent by weight of antimony
and 90 per cent lead. This alloy is much more ductile than pure anti-
mony. In the fabrication of power transistors, alloy ductility becomes
even more important due to the complex wetting and regrowth prob-
lems encountered during the alloying of large-area junctions.

An alloy of arsenic and lead appears to be more desirable than lead—
antimony in meeting the above requirements. The segregation coefli-
cient of arsenic at the melting point of germanium is approximately
13 times that of antimony.’® Acceptor impurities having high segre-

12D, A. Jenny, “A Germanium N-P-N Alloy Junction Transistor,” Proc.
LR.E., Vol. 41, p. 1728, December, 1953.

13 J. A. Burton, “Impurity Centers in Ge and Si,” Proceedings of the
International Conference on Semiconductors, 1954, p. 845.
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gation coefficients have resulted in an improvement in emitter conduc-
tivity of p-n-p transistors, and some improvement might be expected
from the substitution of arsenic for antimony in n-p-n transistors. In
contrast to indium, pure lead will dissolve very little germanium at
the temperatures of alloying. The addition to the lead of a third
element such as arsenic or antimony can have, therefore, a considerable
effect on the solubility of germanium. A study of the arsenic—
germanium and antimony-germanium phase diagrams (Figures 8
and 9) show that at 750°C far example, arsenic will dissolve approxi-
mately 60 per cent of germanium by weight, while antimony will
dissolve approximately 32 per cent of germanium. Consequently, al-
though phase diagrams are not available for the As—Pb-Ge and
Sb—-Pb—-Ge ternary systems, it is not unreasonable to expect that a
given percentage of arsenic in lead will dissolve more germanium than
will an equal percentage of antimony in lead. Studies of penetration
of As—Pb and Sb—Pb alloys in germanium at 750°C indicate that this
greater As—Pb penetration actually occurs. With the greater sclutility
of the arsenic alloy, a smaller amount of arsenic than antimony is
necessary to get the same junction penetration.

A consistent improvement in the appearance of the recrystallized
germanium has been observed with decreasing amounts of arsenic in
lead. Figure 10 shows photographs of the recrystallized area of n-p
junctions made with 3 per cent and 1 per cent arsenic in lead and with
10 per cent antimony in lead. The alloys with the lowest arsenic content
stand out as the most satisfactory, both with respect to the appearance
of the recrystallized germanium and to measurements of reverse leak-
age currents of junctions made with these alloys. N-p-n transistors
described in this paper were made with the 1 per cent arsenic and 99
per cent lead alloy which is a suitable compromise between good
junction electrical characteristics and sufficient junction penetration.

ELECTRICAL CHARACTERISTICS OF THE N-P-N POWER TRANSISTORS

The improvement in the d-c alpha fall-off of the As—Pb over the
Sb—Pb emitter can be seen from Figures 11 and 12 taken on units
having the same base resistivities and spacing between junctions.

A comparison of the alpha fall-off of the As—Pb n-p-n transistor
with the Ga-In p-n-p type discussed in Part I is made in Table IX,
which shows average d-c alpha values for transistors of the same base
resistivities (2.5 ohm-centimeters) and spaeing between junctions
(.0025 inch). The o,L, product for the As—Pb emitter calculated from
the slope of the curve in Figure 12 is 2.2 mhos which is approximately
equal to the 2.0-mho value reported for the Ga—In case.* The lower d-c
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alpha fall-off of the n-p-n type shown in Table IX therefore confirms
the expectations of theory,® since the fall-off (measured on a reciprocal-
alpha curve) should be inversely proportional to the square of the
minority carrier mobility.

(1 per cent arsenic, 99 per cent (3 per cent arsenic, 97 per cent lead)
lead)

(10 per cent antimony, 90 per cent lead)
Fig. 10—Recrystallized n-type germanium of alloy n-p junctions.

D-c¢ alphas of n-p-n transistors between 100 and 140 at 1 ampere
have been obtained with spacings of the order of 2 mils and values
as high as 200 have been obtained at smaller junction spacings.

Other electrical characteristics of the n-p-n transistor are shown
in Table X. These values represent an average of approximately 100
transistors made with 2.5 ohm-centimeter germanium. Electrical char-
acteristics of the p-n-p power transistors made with the same ger-
manium resistivity are also shown for comparison,
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Table IX—High Current D-C Alpha of N-P-N and

P-N-P Power Transistors

Ratio of 100-milli-

100-milliampere 1l-ampere ampere d-c alpha to
d-c alpha d-c alpha l-ampere d-¢ alpha
n-p-n 67 41 1.6
p-n-p 45 21 2.1
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Fig. 12—Reciprocal of d-c alpha versus emitter current for n-p-n power
transistor.
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Table X—Other Electrical Characteristics of N-P-N and
P-N-P Power Transistors

Collector current with
zero emitter current

Eo—=—1volt E.,—=—25volts Breakdown Toor
(microamperes) (microamperes) (volts) (ohms)
n-p-n 19 45 56 50

p-n-p 12 356 60 40




A SILICON N-P-N JUNCTION TRANSISTOR BY THE
ALLOY PROCESS*

By

HERBERT NELSON

RCA Laboratories,
Princeton, N. J.

Summary—Silicon has semiconductor properties very similur to those
of germanium and in theory it can be used very. much like germanium for
the preparation of wvarious types of tramsistor devices. The wide use of
germanium for these devices is partly o« matter of convenience, since
germanium s casier to work. A comparison of silicon characteristics with
those of germanium shows that efforts to master silicon techniques may be
amply rewarded through the advantages offered by silicon for high-
temperature-device operation.

Silicon n-p-n alloy junction transistors have been prepared with satis-
factory electrical performance, even with silicon crystal material which is
not of the best quality. The attainable base-to-collector current amplifica-
tion factor, ac, has been found to depend greatly upon the minority corrier
lifetime of the silicon used. Awerage a. values of about 6 have been
obtained with silicon having 2-microsccond lifetime; when improved silicon
with 20-microsecond lifetime and treatment for lowering surface recombi-
nation velocity are used, a.., values of over 100 have been obtained. In
general, the performance at room temperature is similar to that of ger-
manium alloy units. At elevated temperatures the low reverse current,
which is under 10 microamperes at 150° C, make the silicon units highly
advantageous.

INTRODUCTION

manium and silicon, as of interest for transistor use. This data

is assembled in Table I.

The higher energy gap of silicon leads to the presence in silicon
of a far lower density of thermal carriers than in germanium, as shown
in Table I. Since the uncontrollable fraction of the output current of
a transistor is proportional to the thermal carrier density, it follows
that this current is very much smaller in silicon than in germanium.
This difference becomes particularly important at high operating
temperatures. Calculations show, for instance, that at 150° C, satura-
tion current density values of 1.6 amperes per square centimeter for
germanium and 0.0007 ampere per square centimeter for silicon, each
with room temperature resistivity of 2 ohm-centimeters in the tran-

I[T is appropriate to examine the published physical data on ger-

* This paper is a revision of one presented at the Semiconductor
Research Conference of the Institute of Radio Engineers, June, 1954,
Minneapolis, Minn.

172



SILICON N-P-N JUNCTION TRANSISTOR 173

sistor range. One may predict, therefore, that at 150° C and at a total
collector area of 1 square millimeter that 16 milliamperes of the col-
lector current would be independent of emitter voltage when the base
material is germanium, while only a few mieroamperes of the collector
current need be uncontrollable when the base material is silicon.
Although in practice the currents may be somewhat higher, the ratio
is still signifieant.

In view of the above, silicon may be preferable to germanium in
transistors designed for applications where high operating temperature

Table I—Semiconductor Characteristics of Germanium and Silicon

Characteristic Germanium Silicon Reference
Energy Gap 0.75-0.0001 T 1.12-0.0008 T J. Bardeen and
volts volts W. Shockley,
Phys. Rewv.,
80, 72, 1950
Density of thermal 2.5 X 1013/cm? 6.8 X 10*/cm® E. M. Conwell,
carriers at 300°K Proc. I.LR.E.,
40, 1329, 1952
Intrinsic resistivity 47 ohm-cm 63,600 ohm-cm1 E. M. Conwell,
at 300°K Proc. I.R.E.,
40, 1529, 1952
Donor ionization 0.01 volt 0.05 volt G. L. Pearson and
energy J. Bardeen,
Phys. Rew.,
75, 865-883, (1949)
Acceptor ionization  0.01 volt 0.046 volt G. L. Pearson and
energy J. Bardeen,

75, 865-883 (1949)
E. Burstein et al
J. Phys. Ckem.,
57, 849, 1953

Electron drift mo- 3900 = 100 1200 + 100 M. B. Prince,
bility at 300°K for em?/volt sec em?/volt sec Phys. Rev., 92, 681,

10 ohm-cm material 1953 and Phys. Rev.,
93, 1204, 1653

Hole drift mobility = 1900 =+ 50 500 = 50 M. B. Prince,

at 300°K for 10 cm?/volt sec cm?2/volt sec Phys. Rev., 92, 681,

ohm-cm material 1953 and Phys. Rev.,

93,1204, 1953

and low uncontrolled collector current are important considerations.
In some of these applications high-frequency response may not be
essential so that the lower mobilities of holes and electrons in silicon
are not a serious disadvantage.

As a first step to investigate the advantages offered by silicon for
high-temperature operation, a low-power, audio-frequency silicon tran-



174 TRANSISTORS 1

sistor has been developed and is the subject of the present paper. Since
the work described in this paper was completed, commercial silicon
transistors made by the groin-junction techniques have been an-
nounced. The present paper describes alloy-junction transistors which
have advantages over grown units in reduction of electrode load resist-
ances and in operation at high injection levels.

METHOD OF FABRICATION

General methods involved in the preparation of alloy transistors
have been described! and here only the variations in technique neces-
sitated by the use of silicon in place of germanium will be described.
P-type silicon of 2.0-4.0 ohm-centimeters resistivity, grown as a single
crystal, generally in the [111] direction, is used. Transistor theory
indicates that material of high lifetime, preferably greater than 20
microseconds, is necessary for good transistor results. However, much
of the work in the early stages was done with silicon of lower quality.

Alloying Materials

The dot materials used to form the junctions were selected after
extensive tests in which the metallurgical as well as the electrical
nature of alloy junctions in silicon were investigated. A variety of
n-type impurity elements and dilutants were tested. As in the case
of the n-p-n germanium transistors,? the use of dilutants was found
to minimize the introduction of thermal mismatch strains in the neigh-
borhood of the junction. Also, the use of suitable dilutants in the dot
material was found valuable in promoting wetting and liquefaction of
the silicon during the alloying process. When pure antimony or lead—
arsenic alloy is used in forming a junction, wetting is difficult to attain
and intersolubility of the elements is very low even at 900° C. When
gold is added, wetting and solubility are good even at temperatures
as low as 500° C.

As an outcome of these tests, an alloy consisting of 54 per cent by
weight of lead, 45.4 per cent of gold, and 0.6 per cent of arsenic was
chosen for dot material. Lead was included because it favors spreading
of the dot during the alloying process. Its presence also lowers the
melting point of the dot material and consequently leads to a more
strain-free junction. The gold and arsenic of the dot material are both

!R. R. Law, C. W. Mueller, J. I. Pankove and L. R. Armstrong, “A
Developmental p-n-p Junction Transistor,” Proc. I.R.E., Vol. 40, pp. 1352-
1357, November, 1952.

2 For detailed discussion of this point see D. A. Jenny, “A Germanium
n-p-n Alloy Junction Transistor,” Proc. I.R.E., Vol. 41, pp. 1728-1734,
December, 1953.
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donors. The gold, however, produces donor levels only 0.33 volt above
the occupied band in silicon.®? It therefore does not contribute to the
formation of an n-type region in the p-type silicon. The arsenic, on
the other hand, produces donor levels 0.05 volt below the bottem of the
conduction band and converts the recrystallized silicon to high-
conductivity n-type material. Though more gold than arsenic is present
in the dot, the segregation coefficient of gold in silicon is very small
and consequently only a very small percentage of the gold is caught
in the recrystallizing silicon.

The lead—gold-arsenic alloy is brittle and consequently difficult to
form into disk-shaped dots. Composite dots are consequently used.
They are made by superimposing disks of gold upon disks of lead—
arsenic alloy. Dots of this type can readily be punched out from a
strip of gold and a strip of lead-arsenic alloy bonded together. A gold
thickness of 5 mils, a lead—arsenic alloy thickness of 10 mils and a disk
diameter of 40 mils are used.

A third dot is used for securing ohmic contact to the base wafer.
This dot is punched from a strip consisting of a 2 mil thick core of
S No. 46 metal on whose major sides .4-mil-thick layers of lead and
tin and .2-mil-thick layers of indium have been deposited by electro-
plating. The S No. 46 metal is an iron-nickel alloy containing 46 per
cent nickel. The thermal coefficient of expansion of this alloy nearly
matches that of silicon.

Processing

The silicon base wafer used for the transistor is ground and then
etched to approximately 3 mils. A suitable etching solution uses nitric,
hydrofiuorie, and glacial acetic acid, with bromine.

Before the dots are applied to the silicon surface for alloying, they
are rinsed in hydrofiuoric acid. This rinse leads to the formation of a
fluorine-containing salt film on the dot surface which serves as a flux
in promoting effective wetting during the alloying process. The three
dots are alloyed onto the silicon in one firing step. A graphite boat
and graphite washers are used as often employed in making p-n-p
germanium transistors. The base wafer and the dots are assembled
as shown in Figure 1. After loading, the assembly jig is fired in a
dry mixture of hydrogen and nitrogen for a few minutes at 700° C.
After cooling at a rate of 250° C per minute, the transistor is etched
in a hot sodium hydroxide solution.

The final etch was originally chosen on the basis of a series of tests
in which the reverse characteristics of the junction and the recom-

3E. A. Taft and F. H. Horn, “Gold as a Donor in Silicon,” Phys. Rev.,
Vol. 93, pp. 64 (1954).



176 TRANSISTORS I

bination velocity of the minority carriers in the surface adjacent to
the junction were measured after various surface treatments. The
evaluation of the surface recombination rate was comparative rather
than absolute. An effective lifetime determined by bulk as well as
surface recombination was measured by a pulse injection technique.*
Changes observed in this effective lifetime due to surface treatments
of the diode were then attributed to variations in the rate of surface
recombination. Results obtained indicated that the surface recom-
bination veloecity characteristic of the diodes tested was generally high
and also that it was greatly affected by surface treatments. The effec-
tive lifetime value for a particular diode was found to increase as a
result of the sodium hydroxide etch referred to above. Increases in
effective lifetime was also found to result from the conventional etching

GRAPHITE EMITTER
WASHERS / BASE CONTACT
/

L —rerm )

L

/
SILICON
PELLET

\\LEAD-ARSENIC“’,
so { COLLECTOR

Fig. 1—Silicon transistor parts assembled for alloying.

techniques used with germanium but these increases were lower in
magnitude. Rough, absolute measurements of the surface recombina-
tion velocity made on special samples of silicon showed qualitative
agreement with the diode measurements. As described in another
paper,” etching techniques alone do not lower surface recombination
in silicon to the values easily obtainable in germanium.

After treatment to reduce surface recombination, the silicon tran-

sistors were mounted on metal bases, coated with a silicone resin, and
hermetically sealed into metal cans.

ELECTRICAL CHARACTERISTICS

In course of the experimental work with silicon transistors, many
units have been tested for electrical characteristics and performance.
The best ones have exhibited electrical performance roughly comparable
with that of germanium p-n-p alloy units; for these, collector-to-base

¢8. R. Lederhandler and L. J. Giacoletto, “Measurement of Minority
Carrier Lifetime and Surface Effects in Junction Devices,” Proc. L.R.E.,
Vol. 43, pp. 477-483, April, 1955.
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current amplification factors (a,) of 110 and power gains of 40
decibels have been obtained. However, values as low as 6 and 30
decibels, respectively, resuli when silicon of short lifetime is used.
Data presented below represents transistors made without special
treatment for reducing surface recombination velocity. The improve-
ment in performance attained through this treatment is described in
another paper® to which reference should be made.

Measurements have been made at room temperature and also in
a range from 30° to 150° C. The upper limit is not imposed by the
silicon but by solder used in mounting and encapsulation. The meas-
urements have been of three types. The first type has been concerned
with the determination of hybrid w=-equivalent common-emitter circuit
parameters;® the second, with the determination of static echaracter-
istics; and the third type, with the evaluation of small-signal operating
characteristics such as power gain, current gain, and noise factor.
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Fig. 2—Single-generator base—input hybrid 7-equivalent ecireuit.
ROOM-TEMPERATURE MEASUREMENTS

The range of values of hybrid =-equivalent common-emitter circuit
parameters (Figure 2) measured on a group of transistors is shown
in Table II.

For comparative purposes, a range of values for p-n-p germanium
transistor is included.!

The range of values of base-to-collector current amplification factor,
ag,, power gain, and noise factor measured for the same group of
transistors is shown in Table III.

Room temperature static output characteristics of one of the tran-
sistors are shown by the curves labeled A on Figure 3.

The data presented in the above tables and curves highlights the

5 A. R. Moore and H. Nelson, “Surface Treatment of Silicon for Low
Recombination Velocity,” Fransistors I, RCA Laboratories, Princeton, N. J.,
1956, pp. 136-143.

§C. W. Mueller and J. I. Pankove, “A p-n-p Triode Alloy-Junction
Transistor for Radio-Frequency Amplification,” Proc. I.LR.E., Vol. 42, pp.
387-391, February, 1953.
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great similarity of germanium and silicon transistors with regard to
room-temperature performance. The tendency towards lower current
amplification factor, e, of the silicon units is discussed elsewhere.’
Because the base-layer thickness was a little smaller for the silicon
units, no material inferiority in frequency response is observed with
silicon in this comparison.

MEASUREMENTS AT ELEVATED TEMPERATURES

The curves labeled B in Figure 3 show static output characteristics
at 150° C of the same silicon transistors for which the curves labeled
A show room-temperature results. These characteristics, contrary to
findings with germanium, show an increase in «, with temperature.
They also show evidence of the very low reverse current expected with

/Ib= I MA.
10 — 10
" I=IMA. o
. = IMA.
5& 7" B ——
c& =] on e
:‘_,q 5 e m; 5
B e - .
33 33 ]
E Lo o 1
d = | Ib =0
(o] 5 0 00 5 10
COLLECTOR VOLTS COLLECTOR VOLTS
A= AT 30°C B—AT 150°C

Fig. 3—Output characteristics of a silicon transistor (base current I, in
ten equal steps from 0 to 1 milliampere).

Table II—Hybrid w-Equivalent Circuit Common-Emitter Parameters of
Transistors Measured at E,= - 6 Volts, Iz = 1 milliampere.

Range of Values

Early p-n-p
Silicon Germanium
Parameter Transistor Transistor
Tsr OhMs 100--300 200-500
756 OMS 100-300 600-2000
Crro nuf 3200-9000 10,000-25,000
oo megohms 0.3-1.2 2
Coro pitf T4-129 35
W mils* 0.7-1.4 1-3

q wWal
kT 2D

* W is the base-layer thickness and is caleulated from Cu . =
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Table III—Gain and Noise-Factor Values of Silicon Transistor
without Special Surface Treatment

Range of Values

Early p-n-p
Silicon Germanium
Transistor Transistor
4 ke Current amplification factor (@.») 4.0-13.0 20-1Q0
4 ke Power gain db 23.4-34.0 35-48
300 ke Power gain 9.2-14.2 0-10
1 ke Noise factor 14-29 15-25

All values of gain measured at V¢ =06v, Ir =1 ma. Power gains meas-
ured with resistive input and conjugate matched output. Noise factor
measured at E¢——Iv, Ir —1 ma.
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Fig. 4—Reverse current as a function of temperature.

silicon. A plot of this current to the 1-millimeter diameter collector
dot is shown in Figure 4. The reverse current apparently contains a
surface leakage component as well as the saturation current, yet at
150° C it is far less than the reverse current obtained with germanium
at the same temperature.

The base—emitter bias required for a 1-milliampere emitter current
in a silicon transistor is shown as a function of temperature by curve
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A of Figure 5. Curve B shows comparative data for a p-n-p germanium
transistor. That a larger bias is required for the silicon transistor
follows directly from a consideration of the diode equation

eV
I=I1{ exp——1 ].
kT

The value of the saturation current, I,, is about six orders of magnitude
less for silicon than for germanium and consequently a larger bias
voltage is required with the silicon transistor for the same forward
current flow. The voltage V across the junction required for any
particular forward current flow decreases with temperature even

05
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Fig. 5—Base—emitter bias for constant emitter current as a
function of temperature.

though the above expression indicates the opposite trend. This is true
since I, increases more rapidly with temperature than the term
exp eV /kT decreases. The greater decrease in base-emitter bias with
temperature noted for germanium is, however, largely due to an in-
crease in saturation current flow through 7,,. The voltage drop across
7, 18 in a direction to increase the forward voltage at the p-n junction
and calls for a component of bucking voltage in the base—emitter bias.

The variation of power gain of a silicon transistor with temperature
is shown in Figure 6. Curve A shows the power gain with input and
output impedance set for maximum power gain at 30° C. For com-
parison, the maximum available power gain for a germanium transistor
is shown by curve B in the same figure. The measurements were made
at V= 6 volts and I; = 1 milliampere.
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Fig. 6—Power gain versus temperature.

CONCLUSIONS

Silicon techniques have been mastered to the extent that transistors
capable of as much as 30-40 decibels gain are achieved. The perform-
ance of these transistors at elevated temperatures has been found to
accord with expectations.



JUNCTION TRANSISTOR DESIGNED FOR ITERATIVE
OPERATION AT LOW FREQUENCIES

By

L. J. GIACOLETTO

RCA Laboratories,
Princeton, N. J.

Summary—A junction transistor design is considered whose nput and
output resistances are equal when the transistor is image-matched at low
frequencies for maximum power amplification. These transistors can them
be iterated in cascade without loss in power amplification. The design
considerations determine the transistor base width to achieve the equal
input and output resistances. A base width of several microms is indicated
as o typical result. Transistors with this base width have been built and
verify the design relations.

INTRODUCTION

HEN the low-frequency operating characteristics of a num-
3&;3&; ber of transistors are measured, it is generally found that

if the transistors are image-matched for maximum power
amplification, the units with high input resistances will have low output
resistances and vice versa. With the aid of suitable design equations,
this relationship can be verified and attributed to variations in the
basic widths of the various transistors. Further, the design equations
indicate the value of the base width for achieving equal input and
output resistances; in this event, transistors can be coupled together
without matching networks so as to effect circuit simplification without
loss in power amplification. The design considerations in this article
are applicable provided operating frequencies are low enough that
transistor reactive effects can be neglected.

ANALYSIS

Consider a common-emitter circuit arrangement image-matched for
maximum power amplification. For low-frequency operation the input,
9> and output, g,y are pure conductances related to the input and
output self conductances, ¢;, and g,, respectively, by a common factor
containing the forward and reverse current amplification factors,
and «;, respectively. Thus!

®ey

L. J. Giacoletto, “Terminology and Equations for Linear Active
Four-Terminal Networks Including Transistors,” RCA Review, Vol. 14,
pp. 28-46, March, 1953.
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Iin = Gop V1 — agap, (1)

Iont =Gec V1— AXep®pe - (2)

Therefore, in order that the input and output conductances be equal,
it is necessary that g,, =g,..

The hybrid-= equivalent circuit of the junction transistor is shown
in Figure 1.2 At low-frequencies, the capacitors shown in this equiva-
lent circuit can be neglected, so that

Jye + v
e = ’ (3)
1+ 75 (Gore + 9pre)
Top 9vve (Im— Gprc)
gcc:gce"_gb’c"_ (4)

1+ 75 (Gore + 9prc)

In these equations the collector leakage conductance, g, (see Figure
1) is assumed lumped in with g,... Accordingly, the input and output
conductances will be equal if

Gve=Yoe [1+ Top (e + Gora) 1 + 71 9o (G + Gpee) - (5)

If desired, the expressions for the transistor parameters as given in
Reference (2) can be employed to obtain an equation in terms of
material constants and dimensions of the transistor. The resulting
equation is not simple enough to be useful. For most design purposes,
suitable approximations can be made as follows. g,., will generally be
small enough in comparison with ¢,., to be neglected. The same is
true of g, in comparison with g,. Transistors that have the desired
equality of input and output conductances will usually have a small
enough value of g,., that the product, r,; 94 will be small in com-
parison with unity. Also, for good quality transistors, the triple
product, 7y 94 gm, Will be small in comparison with g,. In any event,
the inegualities enumerated can be examined after the approximate
design is carried out provided that 7., and the leakage conductance
component of g, can be estimated. As a result of the approximations
mentioned above, the condition for equality of input and output con-
ductance, Equation (5), reduces simply to

2L. J. Giacoletto, “Study of p-n-p Alloy Junction Transistor from
D-C Through Medium Frequencies,” RCA Review, Vol. 15, pp. 506-562,
December, 1954. This paper should be consulted for the definition and
derivation of the various transistor parameters that are used herein.
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gb’e = gce & (6)

The expressions for these two parameters in terms of the transistor
constants and dimensions are?

— Al A, oW,
Gye=—AIp—1Ipg) ~ =~ Alg ) )
Xop Ab [oeLe]e
1 ow,
Gee =~ IE o g (8)
W, 9Vep-

The quantities in these equations have the following meaning: A = q/kT
= 39 at room temperature; I; and I are d-c base and collector currents
respectively; Ipg=base saturation current, generally small in com-

9m Vo'e

Fig. 1—Hybrid-m common-emitter equivalent cireuit.

parison with Ip; «gp = negative ratio of d-c collector current to d-c
base current; A,/A,=a ratio generally approximately unity (see
Reference (2), p. 513 for details) ; ¢,, [o,]1,==base and effective emit-
ter semiconductor conductivities respectively; [L,], = effective diffu-
sion length of minority carriers in the emitter semiconductor ; and
W, = base width. According to the above equations, g,., will be linearly
proportional to W, and g, will be inversely proportional to W,. For
some value of W, the two will be equal. The appropriate value of w,
is given by the equation below.

W2 1 Ab [O'eLe:]e aI/Vb
| e C
A Ae oy aVCB’

(9)

This equation indicates that the approximate value of W, will be inde-
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pendent of d-c operating eurrent, but will depend upon the d-¢ operating

oW,
voltage through ,
Ve
ow, 1 2 Kqeq 5.05 X 109 .
——=—| ——— | =——————for p-n-p transistor
Vey 2 oy Ven: Vol Vep|
7.35 X 10—S
=-————— forn-pn transistor, (10)
Vo Vel

and because W, decreases as |V¢p /| is increased. The evaluated ex-
pressions given in Equation (10) are in meters per volt when o, is in
mhos per meter and Vgy is in volts.

NUMERICAL CALCULATIONS

Suitable numbers for substitution into Equation (9) are readily
available with the possible exception of [4,/4,] [o, L], - Generally,
A,/A, will be but slightly larger than unity. Thus, for one type of p-n-p
transistors,® 4,/4, = 1.4 has been determined.? In the absence of defi-
nite information, it is permissible to assume that this ratio is unity.

(o,], and [L.], as employed above are not the actual quantities
associated with the emitter semiconductor, but rather can-be considered
effective values to take into account surface recombination occurring
near the emitter. The relationship between the effective value, [o,L,]1,
as employed herein and actual o,L, for the emitter semiconductor is
given by W. M. Webster.! With this method of calculation, A,/A, need
not be determined separately.

Thus, if I is small and if volume recombination is negligible (this
should generally be true since W, is small), then

A, o
[oeLe]c: s (11)
2 S Wb O'eLe
1+

DREO'b

e

3R. R. Law, C. W. Mueller, J. L. Pankove, and L. Armstrong, “A Devel-
opmental Germanium p-n-p Junction Transistor,” Proc. I.R.E., Vol. 40, pp.
1352-1357, November, 1952.

4 W. M. Webster, “On the Variation of Junction-Transistor Current-
Amplification Factor with Emitter Current,” Proc. I.R.E., Vol. 42, pp. 914-
920, June, 1954.
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where s = surface recombination velocity, D = diffusion constant of
minority carriers, and By = radius of emitter.

The results of design calculations for a p-n-p transistor are shown
in Figure 2. The curves are plotted in accordance with Equations (7)
and (8). The transistor constants and operating conditions employed
are given in Figure 2 and are obtained from measured results.? Calcu-
lations of g,, and g,, using Equations (8) and (4) indicate that these
do not differ appreciably from g,., and g,, respectively. The intersection
point, W, = 4.9 microns (0.19 mils), as shown in Figure 2 can also be
obtained with the aid of Equation (9). A transistor with this base

2 03f
=y
E
£ 5
4
\
02} ) o2
09”
o Wp=4.9
o 3
,
2 ol :
= )
F i goe= 2412
o : w
E
0 N ey \ . : 3

(0] 2 9 6 8 IO 12 14 16
Wp —=(microns)

Fig. 2—Variation of g»s and g., with base width. Auxiliary data: T — 25°C;

A=39; I==1 ma; Ves=—6v; 0, =25 mhos/meter; 7 — 250 ohms;

gm = 0.0389 mhos; g:= 0.2 # mhos; L, =470 microns; [¢.L.]. = 0.04 mhos;
and A,/A.=1.4.

width would have g,., = g, = 0.085 X 10—3 mhos (11,700 ohms). The
d-c collector-to-base current amplification factor would be —460. The
maximum power amplification would be very nearly one quarter of
the square of this current amplification factor, or 47 decibels. The base
width, W, = 4.9 microns, is the operating width at the V., collector
bias. The base width without applied terminal voltages, Wy, will be
larger than the indicated value of W, by the thickness of the collector
junction, W, = 2|Vgp/| 8W,/3V ;. For a collector bias, Vi = — 6 volts,
W, =5.0 microns, so that Wy, = 9.9 microns.
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The transistor design just considered required a rather small base
width for equal input and output conductances. Several combined fac-
tors either increase the base width or simplify the construction of
transistors of the type described herein. First, smaller conductivity
base material can be employed to increase W,. In accordance with Equa-
tions (9) and (10), W, will vary inversely with o,!. Second, new alloy
materials® provide means for increasing the [o,L,], factor in Equation
(9). Third, the [o,L,], factor will increase with improvements in etch-
ing procedures (lower surface recombination velocities as noted in
Equation (11)) and with mere favorable emitter geometries.® Fourth,
new metallurgical techniques” make transistors with small base widths
more feasible than has been the case in the past.

For directly coupled circuits where transformers and chokes are not
feasible, the presence of bias source resistances must be included in the
preceding design considerations. The conductances associated with the
base and collector bias sources can be added to g,; and g, respectively
of Equations (8) and (4), and the design proceed as before. Generally,
the conductance of the base bias source will be small in comparison
with g,, and can be neglected. The same situation will not usually he
true of the collector bias source. In the approximate analysis, the con-
ductance of the collector bias source will be a constant additive term
to g, (Figure 2) so that the base width for equal input and output
conductances will occur at a larger base width than formerly. Due to
the loss of power to the bias source conductances, the maximum power
amplification of the composite circuit will be less than that of the
transistor itself.

EXPERIMENTAL RESULTS

Junction transistors were made which verified (very approximately)
the design relations. For comparison purposes, measured and computed
data on such a p-n-p transistor, with approximately equal input and
output conductances, is given below. This transistor was made with
the aid of alloy materials described in Reference (5).

Semiconductor: Germanium, n-type, o, = 25 mhos/meter, estimated.

5L. D. Armstrong, C. L. Carlson, and M. Bentivegna, “P-N-P Tran-
sistors using High-Emitter-Efficiency Alloy Materials,” Transistors I, RCA
Laboratories, Princeton, N. J., 1956, pp. 144-152.

¢ K. F. Stripp and A. R. Moore, “The Effects of Junction Shape and
Surface Recombination on Transistor Gain,” Proc. I.R.E., Vol. 43, pp. 856-
866, July, 1955.

"C. W. Mueller and N. H. Ditrick, “Uniform Planar Alloy Junctions
for Germanium Transistors,” Transistors I, RCA Laboratories, Princeton,
N. J., 1956, pp. 121-131.
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Operating Point: Vi, = — 6 volts; I, = 1 milliampere.
Frequency: 1 kilocycle.

W, = 8.6 microns (0.34 mils) determined from measurement of dif-
fusion capacitance; see Reference (2).

9oe = 48 micromhos computed from Equation (8), and 70 microm-
hos measured.

A
- Log L], = 0.12 mhos. This was computed using Equation (11)
A

with ¢,L, = 6 mhos (see Reference (5)) together with s = 10
meters/sec., (estimated), D = 44 X 10-* meter?/sec., and
R; = 1910 microns (7.5 mils).

9y¢ = T1 mieromhos computed from Equation (7), and 56 micromhos
measured.

¢, = 66 micromhos measured.

Jour = 83 micromhos measured.

Collector-to-base current amplification factor a,, = — 625 measured.
Maximum power amplification = 48 decibels measured.

Other transistors including n-p-n units have had similar operating

characteristics.

CONCLUSIONS

It is possible to design a junction transistor with approximately

equal input and output resistances when image-matched for maximum
power amplification at low-frequencies. A transistor of this design is
characterized by small base width, large current amplification factor,

lar

ge input resistance, small output resistance, and large power ampli-

fication. These transistors can be iterated in cascade without loss in
power amplification and with resulting savings in circuit components
and additional transistors.



A P-N-P TRIODE ALLOY JUNCTION TRANSISTOR
FOR RADIO-FREQUENCY AMPLIFICATION*

By

C. W. MUELLER AND J. I. PANKOVE

RCA laboratories Princeton, N. J.

Summary—The performance of alloy junction transistors falls off as
the frequency increases. Heretofore, the chief cause of this has been the
resistance—capacitance low-pass filter effect in the base—emitter input. The
effect is produced by the germanium resistance (between the external base
connection and the active junction region) and the emitter-to-base diffusion
capacitance. The latter may be extraordinarily high because of the rela-
tively slow diffusion of charge carriers into the base region which must be
charged up and discharged with minority carriers. In the mew transistor
design described, resistance and capacitance have been reduced by using @
thick wafer of low-resistance germanium and placing the active junctions
on a very thin section produced by drilling o well into the wafer. The
junctions are about .0005 inch apart. Other capacitances are reduced by
using small diameter junctions. To prevent limitation due to transit-time
dispersion, nearly planar junctions are obtained by using germanium—indium
alloy discs from which the junctions are formed.

The new unit will give 39 decibels gain (neutralized) at 455 kilocycles,
12 decibels (unneutralized) at 10 megacycles, and has an oscillation limit
of 75 megacycles. At 1 megacycle, a noise factor as low as 4 decibels has
been obtained.

INTRODUCTION

in the frequency region of 0.5-3 megacycles is desirable. In order

to fulfill this need, keep power consumption to a minimum, and
retain the simplicity and versatility of the triode alloy-junction transis-
tor, a development was undertaken to extend the frequency range of
this type of transistor.

]:[N normal broadcast receiver design, an amplifier giving good gain

To follow the course of the present development, it is desirable to
discuss first the important factors which limit the frequency response
of the triode transistor such as the TA-153.! The important factors
stem from a combination of two effects; one inherent to transistor
operation, and the other extrinsic to transistor action but arising from

“ Reprinted from RCA Review, December, 1953; this material was
presented at the I.R.E.-A.LLE.E. Transistor Research Conference, State
College, Pa., July 6, 1953.

1R. 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, pp. 1352-1357, November, 1952.

189



190 TRANSISTORS 1

the constructional details. In the operation of this type of transistor
it is well known that minority charge carriers, after injection by the
emitter, flow to the collector by a process of diffusion through the base
region and receive little or no aid from electric fields. Such diffusion
currents flow under the influence of a density gradient, i.e., different
carrier charge densities in different regions of the base layer. Thus,
when a signal is applied to the transistor, the number of carriers in
the base region must vary in accordance with the signal so that the
diffusion current flow to the collector will reproduce the signal in
the output circuit. This change in the charge of the base region induced
by the applied signal acts as an emitter-to-base capacitance. Further-
more, because this charge flow in and out of the base region is a
diffusion flow, an extraordinarily high capacitance results (of the
order of 0.01 microfarad in the TA-153 transistor?).

This capacitance is much greater than that associated with the
transition region of the emitter junctions, The “diffusion” capacitance
is given approximately by

q Wi,
Cb’c =
kT 2D

where

Cy-, = input capacitance of the common-emitter representation
of Figure 1,

W = effective thickness of the base region,
I, = d-c emitter current,
D = diffusion constant for minority carriers in the base region,
q = electronic charge,
k = Boltzmann’s constant,

T = absolute temperature.

When Iy is expressed in milliamperes, and W in mils, this formula
gives the capacitance in farads as

Co — 2.8 X 10—9% W2I, (for p-n-p units)
¥e™ 1.8 X 10—9 W2I, (for n-p-n units).

Since this capacitance is proportional to the square of the thickness of

the base region, it is important to minimize this dimension in tran-
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sistors designed for high-frequency applications. Note that this
capacitance is proportional to the d-c¢ current and does not involve
the junction area. It is evident that a measurement of C,., will pro-
vide a measure of the effective thickness of the base region.

Now, in the construction of the alloyed junction transistor, the
external base connection to the germanium wafer is made at some
distance from the active junction region. The resistance of the ger-
manium between the base connection and the active junction consti-
tutes a series base lead resistance (r,, of Figure 1) through which
the input signal must pass, with consequent attenuation before it can
be applied to the intrinsic transistor. Furthermore, the charging cur-
rent for the emitter-to-base capacitance discussed above must also
flow through this resistance. This combination of series resistance
and emitter-to-base capacitance constitutes a low-pass filter which is
one of the most important limiting factors of transistors of the type
under discussion.

The presence of this base lead resistance in addition to diminishing
the input signal available to the actual transistor junction, also influ-
ences the output impedance; it leads to a reduction in the over-all
output resistance and an increase in the over-all output capacitance
of the transistor.

In addition to the input circuit effects discussed above, there are
further consequences resulting from the fact that charge carriers
flow from emitter to collector by a diffusion process. Diffusion flow
is essentially a random process with the individual carrier making
many collisions and changing direction of motion many times during
its travel across the base region. Directivity to this random motion is
supplied by the concentration gradient discussed above. Thus, the
transit time for the individual carriers must vary widely, giving rise
to a dispersive effect in the transfer function (i.e., transconductance).
This transit time dispersive effect in the transfer of carriers to the
output circuit also limits the frequency response of transistors but,
for transistors such as the TA-153, its effect is not as detrimental as
the input circuit effects discussed above.

The transit-time dispersion effects in the transfer function have
been discussed as resulting only from diffusion phenomena. There may
be a similar effect due to different path lengths caused by nonplanar
geometries and end effects. The difference in path length may be
minimized by small emitter-to-collector spacings, planar junctions, and
accurate centering.

This picture of the consequences of diffusion flow in the base region
has tended to separate the effects on the input circuit from those con-
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cerned with the transfer generator, leading quite naturally to the =
equivalent-circuit representation (Figure 4). It may be well to point
out that in other representations such as an equivalent T circuit, the
transfer generator (alpha) involves both the transfer transit-time
dispersion effects and base-charge variation effects. This is as it
should be, for alpha is the current gain amplification factor, and must
account for changes of current between the input and output. Indeed,
the collector-to-emitter current gain cutoff frequency is related to
Cy bY

q Iy
2 ks kT Cb'c

ca

and a measurement of Cy,, at low frequencies may be substituted for a
measurement of f., at considerably higher frequencies.

Another frequency-limiting factor which may become significant as
transistors are designed to minimize the above effects is the presence
of other capacitances, such as collector-to-base and collector-to-emitter.
The collector-to-base capacitance may be reduced by reducing the area
of the collector junction. There is also a contribution to this capaci-
tance due to transit-time variation effects caused by a variation of the
effective base thickness with the instantaneous collector voltage.

These considerations will be applied to the development of a p-n-p
medium-frequency transistor. Similar considerations would also apply
to n-p-n transistors.

FACTORS GOVERNING DESIGN

As will now be understood from the preceding discussion, in the
design of high-frequency transistors it is important that, in addition
to satisfying the requirements for good transistor action at audio fre-
quencies, particular attention must be given to the following param-
eters:

1. Thickness of base layer.
2. Series base lead resistance.
3. Capacitance.

As pointed out in the general discussion, the value of C,., (or f,,)
is degraded in proportion to the square of the distance between the
emitter and collector junctions. This distance should be as small as
can conveniently be obtained, and a reasonable value of spacing to
aim for is .0005 inch.

"In the alloy type transistor, an emitter-to-collector spacing of .0005
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inch can be obtained in two ways: (a) by using a thick base wafer
and a large impurity alloy penetration, or (b) by using a thin ger-
manium base wafer with small impurity alloy penetration. With
method (a), however, the junctions are hemispherical rather than
parallel planes, and consequently the possible hole path lengths may
vary considerably. In method (b) the junctions are more nearly flat
and parallel and this method was therefore chosen. With thin base
wafers it is necessary that the impurity alloy depth of penetration be
small. Accurate control is then necessary to prevent emitter-to-collector
shorts.

The factors governing the penetration of indium by solution into
the germanium base material have been discussed.! A shallow pene-
tration as desired here can be secured by: (1) a short firing time,
i.e., shorter than that required for an equilibrium solution of the
alloying action, (2) using a small volume of indium, (8) using a disc
of indium-germanium alloy. The method described in this paper is
a combination of all three, but depends principally on the latter two.

In order to secure plane parallel junctions, heating at a high tem-
perature is desirable to secure rapid wetting over the entire region of
the jungtion. Various combinations of alley disc composition and
temperature are possible and several have been tried. However, as
the atomic percentage of germanium in the indium-germanium alloy is
raised above 10 per cent, it is more difficult to secure a homogeneous
alloy, and the mechanical properties of the alloy become poorer. The
alloy which has been found most advantageous at the present time
contains 5 atomic per cent germanium in indium, and this is the alloy
used in all experiments described here.

As previously pointed out, it is important that r,,., the resistance
of the germanium connecting the active junctions and the base tab, be
as small as possible. This resistance is shown in the input equivalent
circuit of Figure la. The values of this equivalent circuit can be
measured by means of specially designed bridges.?

The series resistance, r,, , consists of two regions, as shown in
Figure 1b: region “A” directly between the junctions, and region
“B” between the junctions and the base connection. Obviously, the
resistance of both these regions is reduced by using a base material
with the lowest possible resistivity. In the “B’ region, no limitation
on resistivity exists. However, on the “A” region, two good junctions
must be formed.

2L. J. Giacoletto, “Equipments for Measuring Juncticn Transistor
Admittance Parameters for a Wide Range of Frequencies,” RCA Review,
Vol. XIV, pp. 269-296, June, 1953.
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Shockley® has shown that in order to have a good hole emitter, the
conductivity of the emitter section must be much higher than that of
the base region. Experimentally, it is found that as the resistivity of
the base region is decreased, good junctions are more difficult to make.
Here, then, an engineering compromise must be made between low
base resistance and good junctions, as evidenced by high alpha and
high back-resistance values. The resistance of the “A” region, which
is directly between the junctions, is also reduced by the carriers in-
jected by the emitter, i.e., conductivity modulation. Considering the
present state of the art and the necessary engineering compromises,
a resistivity of 0.6 to 0.8 ohm-centimeter was chosen after some ex-
ploratory tests.

Let us examine region “B” to see how this resistance can be re-
duced. In order to obtain an idea of the magnitude or resistance in-
volved in the region “B” for a thin wafer base, consider the simplified
geometry shown in Figure 2. The resistance between concentric
cylinders is given by

(b)

(a}

Fig. 1—(a) Equivalent input circuit of the transistor and (b) Transistor
cross section showing the physical location of the parts of 7w on a TA-153
audio-transistor.

P Ty
In — ohms
2xL ry

R =

p = resistivity of germanium in ohm-centimeters,
71, 7 =radius of the inner and outer cylindrical surfaces,

L = wafer thickness in centimeters.

If 7, is kept constant at .005 inch (the size of the emitter junction)
and 7, varied from .010 inch, the curves of Figure 2 are obtained.

If such a flat-wafer construction were used for the high-frequency
transistor, and p=3 ohm-centimeters, we see from Figure 2 that a
series resistance of 200 ohms would be introduced to a ring contact
-040 inch from the center of the emitter. The curves also show that
the contribution of the first few thousandths of an inch around the

3 W. Shockley, “The Theory of P-N Junctions in Semi-Conductors and
?-{\I .{ungtion Transistors,” Bell Sys. Tech. Jour., Vol. 28, pp. 435-489,
uly, 1949.
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junctions is important. From these curves can be seen the disadvan-
tages of high-resistivity germanium and of the flat-wafer construction.

Several methods of réducing the resistance of the region ‘“B” are
possible. As a guide, methods other than those finally used are dis-
cussed first. One way to reduce the resistance of portion “B’ is to
solder a ring, a few thousands of an inch larger than the junctions,
to the germanium that surrounds the junctions. Great care must then
be taken to keep the indium and solder from shorting, and to obtdin
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Fig. 2—Resistance between concentric cylinders of germanium.

proper etching after assembly. Another possible procedure is to form
junctions, protect the junctions with a suitable lacquer, and then plate
a metal on the exposed base wafer. It is necessary to make a plated
contact which is ohmic, i.e., does not inject an appreciable number of
holes. Such ohmic contact can be made by sand blasting the base and
then plating. A word of caution on these methods is in order. As has
been shown in another paper,* surface recombination is a critical factor
in obtaining low-frequency transistor action. An ohmiec contact or

*A. R. Moore and J. I. Pankove, “The Effect of Junction Shape and
Surface Recombination on Transistor Current Gain,” Proc. I.R.E., Vol. 42,
pp. 907-913, June, 1954.



196 TRANSISTORS 1

plated region of considerable area too near the emitter junction could
lead to such a high recombination rate as to make the transistor un-
satisfactory. A compromise is necessary which leaves sufficient low-
recombination surface around the junctions, and yet not so much as
to leave the base resistance high.

After exploration of the above methods, a design was chosen in
which only germanium surrounds the junctions. The structure is shown
in Figure 3, which is drawn approximately to scale. Here we see that,
as soon as we leave the immediate vicinity of the junctions, the thick-
ness of the wafer increases and thus decreases the series base lead
resistance; since only germanium surrounds the junctions, low surface
recombination can be attained at the same time.

—} BASE N~ TYPE GERMANIUM
P Sae

[_“
l’

COLLECTOR
A JUNCTION
e
\/ L \

< EMITTER
IR S T

Fig. 3—Cross-sectional view of junction geometry.

The collector-to-base capacitance should be no larger than necessary.
The junctions of the alloy type transistor are usually of the abrupt or
Shottky type. Formulas for this case are developed by Shockley® and,
when expressed in convenient units, lead to the following equation for
the capacitance of an abrupt junction.

1
C =.071 d2 ————— micromicrofarads

Vs Vo

where
d = diameter of the junction in mils,
V, = collector voltage,

py = resistivity of the base material in ohm-centimeters.

Thus the diameter of the collector has the greatest influence and should
be made small. This should preferably be done without decreasing e,,,
collector-to-emitter current amplification factor. In order to keep «,
nigh, the area of the emitter must be kept to two-thirds or less than
that of the collector.*

As the area of the emitter is reduced, the ratio of emitter circum-
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ference to area increases and surface recombination bhecomes more
important. Consequently etching must be carefully done. Also, as the
area of the emitter and collector become small, alignment of emitter
and collector is more difficult. As an engineering compromise, the
emitter was made .010 inch in diameter and the collector .015 inch in
diameter.

ELECTRICAL MEASUREMENTS

The electrical engineer likes to reduce an electron device to an
equivalent circuit composed of elements with which he is familiar so
that he can apply standard circuit theory. Many types of equivalent
circuit are possible. The simplest circuit, with the fewest parameters
that are all independent of frequency, is best but not always obtainable.
Most of the published literature on transistors is in terms of the T-

Thb'
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Fig. 4—Single-generator base-input 7-equivalent circuit.

equivalent circuit or loop-derived parameters. Many who are familiar
with vacuum tube terminclogy prefer the w-equivalent or nodal-derived
parameters. One set of parameters can of course be derived from the
other set if the set is complete.®

In Figure 4 a single-generator wr-equivalent circuit is shown for
the common emitter connection. The circuit parameters have been
tested and found to be independent of frequency as long as the fre-
quency is not too high. The circuit is believed sufficiently close as
long as

where
o = angular frequency,
W = spacing between junctions in centimeters,

5L. J. Giacoletto, “Terminology and Equations for Linear Active Four-
Terminal Networks Including Transistors,” RCA Review, Vol. 14, pp. 28-486,
March, 1953.
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D, = diffusion constant for holes.

For the transistors described here the circuit is believed to be a rea-
sonable approximation up to a frequency of the order of 3 megacycles.
The elements shown in this circuit were measured in bridges previously
described.? The values measured on 6 transistors are given in Table I.
The value of W, the spacing between junctions, is calculated from Chys
by applying diffusion theory as previously described. The values of
the circuit constants in the output were not determined because their
effect is negligible in comparison with the other parameters and their
measurement is difficult.

Table I—7-equivalent Circuit Parameters

(E:=—6 volts, I = -— 1 milliampere)
Approx.
Transistor A B C D E F# TA-153
range
resr  ohms 50 115 60 70 71 100 200-500
r»e Ohms 12560 1500 1400 600 430 500 600-2000
Coe ppfd 300 700 900 600 800 2100 10,000-25,000
r»e megohms 1.2 .10 .14 .86 13 1.9 2
Cuo  npufd 10.4 7.7 16.7 9.5 17.0 11.0 35
W* mils .33 .50 .56 46 .52 .86 1-3

foat me 20.5 8.8 6.9 10.6 7.7 3.0 4

" Calculated from Cs. as previously described.
q Iy

OTKT Cyo

# This transistor is included to show the deviation to be expected from
a higher than normal value of W.

t Calculated from f.q —

For comparative purposes, a range of values for TA-153 audio
p-n-p transistors described in Reference (1) is included. The value
of W for the TA-153 transistor was not accurately controlled since
the transistor was intended for audio use.

In Table II the low-frequency paramete'rs of the common-base
T-equivalent circuit of Figure 5 are shown, again in comparison with
those of the TA-153. The parameters r, and ag, are slightly poorer in
the high-frequency transistor because they were compromised to get
better high-frequency performance. These low-frequency parameters,
of course, give no clues to high-frequency performance, but are included
:n the data for those who wish to make comparisons.

An important characteristic of a high-frequency transistor is the
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Fig. 5—Low-frequency emitter-input T-equivalent circuit

single-frequency power gain as a function of frequency. Figure 6 shows
a simplified schematic circuit of the test set used to measure power
gain., Input matching is made only with the resistive component while
the output is conjugate matched by adjusting the capacitance and
output impedance. The feedback is not neutralized. In Figure 7 the
gain of a transistor with common-emitter and common-base connec-
tions is plotted. In Table III the gain of the six transistors is shown
for the various conditions described in the footnotes of the table.

Table II—T-equivalent Circuit Parameters

(E.,=—6 volts, Is = 1 milliampere)
Approx.
Transistor A B C D E F TA-153
range
7+« ohms 4.0 18.0 20.6 14.6 19.4 16.0 5-20
7» ohms 1000 300 140 270 130 250 400-2000
r, megohms 40 .06 .16 40 .16 45 .5-3.0
Goo 977 .982 .976 .955 .952 .963 .95-.99
Cop 41 51 40 21 19 25 20-100
I, pa 20 10 10 14 18 8 2-20

In Table III the noise factor is also given. There is a considerable
variation of one-kilocycle noise factor among various units at the
present time, but the one-megacycle noise factor does not vary as much.
In Figure 8 the noise factor is plotted as a function of frequency up
to one megacycle.

Experiments with a simple oscillator circuit show that the high-
frequency transistors described will oscillate at frequencies up to 75
nmegacycles.

@ TO OB METER

Fig. 6-——Simplified diagram of circuit used for measurement of
gain versus frequency.
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Table I11I-—Gain and Noise Factor Values in Decibels

Approx.
Transistor A B C D E F TA-153
+ range
4 ke gain® 35. 317. 39. 34. 34. 38. 35 to 48
455 ke gain®™* 35. 32. 39. 35. 34. 34.
1 me gaint 24, 23 25. 24. 23. 22. < 0toT.
10 me gaint 13. 10. 11. 9. 8. 5.
1 ke Noise factort 14. 23. 33. 24. 16. 20. 15to 25
1 mc Noise factor# 4. 5. 8. . 5. 6.
All values of gain measured at E.——6 volts, Is =1 milliampere.

* Rin =500 ohms, Roue — 80,000 ohms.
** Input and output conjugate matched and feedback neutralized.
T Input resistive matched and output conjugate matched in circuit of

Figure 9.
+E,=—1 volt, I = 1 milliampere, Bin = 560 ohms.
#E,——1 volt, Iy =1 milliampere, Rin = 100 ohms.

CONCLUSIONS

A p-n-p triode transistor capable of as much as 39 decibels gain
at 455 kilocycles when used in a neutralized, conjugate-matched circuit
has been constructed. Without neutralizing, 12 decibels gain can be

obtained at 10 megacycles. The noise factor at one megacycle is 4-8
decibels.

A spacing between junctions of .0005 inch and a low base-lead
resistance is obtained by using a low-resistivity base section with the
collector junction located at the bottom of a well in the germanium.
An indium-germanium alloy is used to obtain more planar junctions.

With the continued improvement in the techniques of making and

40 |

| Ve=-6V.

Ig = IMA
@ BASE INPUT e £
30 -
z I~
- ™
=] o
o] EMITTER INPUT — )
x R
g T
10
LI
~—

0
0> 2 4 6 100 2 4 6 105 2 4 6 108 2 4 6 Io°
FREQUENCY IN CYCLES PER SECOND

Fig. 7—Single-frequency power gain measured in the circuit of Figure 6.
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Fig. 8—Noise factor versus frequency; common-emitter connection.

controlling junctions, further imprevements by the use of lower re-
sistivity germanium and a reduction in all dimensions are possible.
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THE DRIFT TRANSISTOR*
By

H. KROEMER

RCA Laboratories,
Princeton, N. J.

Summary—2he transit time of the current carriers diffusing through
the base region is an important factor in limiting the frequency response
of conventional p-n-p or n-p-n junction tranmsistors. The principles of a
transistor are discussed, in which the impurity in the base region decreases
exponentially from very high values at the emitter to low values at the
collector. This distribution introduces a constant eléctric drift field parallel
to the diffusion direction into the base region. The drift field reduces the
transit time and increases the frequéncy limit of the transistor. In the case
of germanium, an improvement of the alpha-cutoff frequency by a factor of
eight should be possible for the same value of the base width. At the same
time, thd high impurity density mear the emitter leads to a low base-lead
resistance, and the low impurity density near the collector to a low collector
capacitance. This results in a further improvement of the tranmsistor per-
formance, since this resistance and capacitance also limit the high-frequency
operation of a transistor. In particular, the lower base resistance permits
the use of o thinner base, thereby increasing the alpha-cutoff frequency
even more.

A comparison between the drift transistor and the p-n-i-p (n-p-i-n)
transistor is made. The analysis shows that for the same base width the
drift transistor should have about 3 decibels more high-frequency amplifi-
cation than the p-n-i-p.

1. INTRODUCTION

theory of a junction transistor which has an exponential impurity

distribution within the region between the emitter and the collector.
This structure exhibits several advantages over previous structures,
especially in frequency behavior. The purpose of the present paper is
to summarize and extend the conclusions of the earlier work.

]:[N a series of previous papers!'* the author has given the detailed

A transistor which is to operate at frequencies as high as possible
has to fulfill at least three requirements: (a) Short transit time of

* Portions of this paper were presented at the I.R.E.-A.I.E.E. Confer-
ence on Semiconductor Device Research, in Philadelphia, June 20, 1955,

! H. Kroemer, “The Drift Transistor,” Naturwissenschaften, Vol. 40,
p. 578, November, 1953.

2 H. Kroemer, “On the Theory of the Diffusion and the Drift Tran-
sistors,” Archiv der Elektrischen Ubertragung, Vol. 8, p. 223, 1954,

3 Reference (2), page 363.
4 Reference (2), page 499.
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the injected carriers from the emitter to the collector, (b) Low collec-
tor capacitance, (¢) Low base resistance. In an ordinary junction
transistor the transit time is determined by the process of the diffusion
of the injected carriers through the base region. Diffusion is a com-
paratively slow process because of its random nature. Compared with
a junction transistor of equal collector-emitter spacing, the frequency
limit of a point contact transistor is much higher. Since it is actually
higher than the a-cutoff frequency of a junction transistor of the
same electrode spacing, this cannot be due only to the smaller capaci-
tance of point contacts. In the point-contact unit the transit time is
much shorter because the injected carriers, instead of diffusing ran-
domly, are moving in the strong electric field which the collector cur-
rent builds up around the collector. If it were possible to introduce an
electric field in the diffusion direction in a junction transistor, one
would expect a considerable increase in frequency limit, especially if
the capacitance and the base resistance could be lowered simultaneously.
A transistor which contains such a field will be called a drift transistor.
A drift transistor with a constant electric field can be obtained by
building an exponential impnrity distribution into the base region.

Section II gives a general qualitative outline of the mode of opera-
tion of a drift transistor, Section III gives a summary of quantitative
theoretical data and Section IV compares the drift transistor with the
p-n-i-p transistor. All formulas and numbers apply for p-n-p ger-
manium transistors unless otherwise stated. The conversion to the
n-p-n type is trivial. In the analysis, the impurity distribution will be
assumed to be a true expenential, but the principal results also hold
for transistors with slight deviations from this mathematically ideal
distribution, especially if the deviations from the exponential law take
place on the collector side of the base region rather than on the emitter
side.

II. THE EXPONENTIAL IMPURITY DISTRIBUTION

Assume the net impurity concentration in the base region of a p-n-p
transistor to be an exponential function. If N, is the concentration at
x = 0, the emitter sidg of the base region, and F' the desired drift field,
then this distribution must be?

qFs

N (z) =Ny . (1)

To show this, let us assume that all donors are ionized. Then in the
region where
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N(x) » n;, (n,= intrinsic carrier density) (2)

the local electron density in the base will be practically equal to the net
impurity density. Since the electron density is an exponential function
of the energy separation between the conduction band and the Fermi
level, this separation then varies linearly with position. Because the
Fermi level has to be constant, the bands are tilted at such an angle
as to produce a homogeneous electric field of strength F in the base
(Figure 1). This field is a true electrostatic field which sets itself up
within the semiconductor in order to balance the diffusion of majority
carriers which would otherwise occur due to the concentration gradient.
The drift field is directed from the emitter to the collector, that is, in
the direction of the natural diffusion flow. This results in a substantial
reduction in carrier transit time. In addition, a sufficiently strong
drift field makes the currents less dependent on the base width, w,
than in a diffusion transistor. This reduces both the collector con-
ductance and the internal feedback which are caused by the dependence
of w on the applied collector voltage.

The base width w — as the term is used in this paper and as shown
in Figure 1 — is given by the distance between the emitter and the
space-charge region on the collector side and not by the distance be-
tween the p-type emitter and collector regions. We will call the latter
quantity w,, the “electrode spacing,” while w may be called the “effec-
tive base-width.” It is then convenient to discuss the drift transistor
in terms of the difference in the potential energy of an electron over
the distance w,

N,
AV =qFw=FkT In , (8)
N (w)

rather than in terms of the drift field, . We call AV the built-in drift
potential. For a given impurity distribution, that is, for a given drift
field F, both w and AV still depend upon the electrode spacing, wqq.
There are two limiting cases to be distinguished, depending on the
magnitude of w,:

(a) For small wy’s, that is, when
kT N, kT

In——1w4y —,
qF (e qF

Equation (2) is fulfilled throughout the whole middle region. Because
of the comparatively high impurity density at = wgy,, the collector
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depletion layer will then be thin compared to wy, (for not too high
voltages). Therefore w =~ wyg, AV =~ qFwg,.

(b) For large wyy's, when

—————| MPURITY DENSITY N(x)
-P,

108 cm™3
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Fig. 1—The impurity and potential distribution in a drift transistor. For
comparison, the impurity distribution for a p-n-i-p transistor is shown in
the upper drawing. (See Section V.)

kT N, kT
Wog — —— In— » 5
qF n;  qF

the collector side of the middle region has a very low impurity concen-
tration. The collector depletion layer then becomes thick. It penetrates
through the whole “quasi-intrinsic” region until it hits the more highly
doped parts of the base. The effective basewidth, then, depends only
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very weakly upon wy,, while the depletion layer thickness varies strongly
with wgg.

The actual computation of the position of w and its voltage depend-
ence is very difficult. The usual methods of computing a depletion layer
thickness are not applicable in this case where the impurity density at
z = w is not very large compared to n; and to the density of the
holes travelling through the transistor. A new computation which in-
cludes these effects has not yet been made. For the purpose of this
paper it will therefore be assumed that in the case of a large wq, the
effective base width, w, is given by the distance where the Fermi level
has come within kT of the middle of the forbidden band.

This case of a large w,, incorporates the largest possible drift
potential, AV. For a given value of w it therefore constitutes the case
with the shortest transit time. For this reason, and because this paper
is primarily interested in the highest degree of improvement obtain-
able in a transistor by introducing a drift field, we will restrict our-
selves for the rest of the paper to this case of a “full” drift-transistor
where wgy, is much greater than w.

Since the capacitance of the collector junction is inversely propor-
tional to the depletion layer thickness, woo — w, it follows that a full
drift transistor automatically has a low collector capacitance, fulfilling
the second of the above requirements.

The actual value of AV depends upon N,. An upper limit for N,
and AV can be estimated by the following considerations: In order to
obtain a good emitter efficiency, the impurity density in the base at
2z =0, Ny, has to be small compared to P, the net acceptor concentra-
tion in the emitter region. One may, for example, require for the cur-
rent amplification factor a,, a value of at least .98, or for the base-to-
collector alpha, a,, = o/ (1 — ag), a value of at least 50. The
separation of the conduction band from the Fermi level at z — 0 then
has to be of the order of kT X In 50 ~ 4kT larger than the separation
of the valence band from the Fermi level in the emitter region. The
latter separation can be assumed to be not less than kT, resulting in a
value for £, — Ey = 5kT and in an impurity density N (o) < N, - ¢—5
~ 1.6 X 1017 cm—3, Here N, is the effective density of states in the
conduction band, assumed to be 2.4 X 1019 cm—3. Together with the
above assumption that, at z = w, the separation between the Fermi
level and the middle of the band gap is kT, this results in the condition
for the maximum built-in drift potential 2

AV = (1/2) Eq — 6KkT. (4)

In germanium we have Eg ~ 0.7 electron volt ~ 28 kT and therefore
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AV = 8 kT, corresponding to a doping ratio No/N (w) = e85 ~ 3,000.

The above value for N, is a rather high value, much higher than in
ordinary “diffusion transistors” with uniform base doping. In the case
of uniform doping, such a high concentration would result in an ex-
tremely low collector breakdown voltage (< 1 volt) and an extremely
high collector capacitance.

The high doping near x = 0 leads to a very low base resistance
thereby fulfilling the third requirement mentioned at the beginning.
Together with the decrease in collector conductance mentioned earlier, .
this makes it possible to use a much thinner base region than in a
diffusion transistor.

IV. THEORY OF THE DRIFT TRANSISTOR

1. Junction Conductances and Capacitances

For the density p of holes in the base at 2 = 0, the same assumption
is made as in a diffusion transistor, namely

qve

p(0) :poe—’QT : (5)

where p, is the equilibrium density at x = 0 (p, = n,2/N,) and V, is
the emitter voltage. In a diffusion transistor the hole densily p(z)
decreases linearly from this value to zero at 2 = w, resulting in a
diffusion current density j = ¢D,p(0) /w (Figure 2a). For simplicity,
recombination is neglected. However, in a drift transistor with suffi-
ciently strong drift field, the current will be carried mostly by the field
and the hole density at # = 0 will be swept out and will be constant over
most of the base region (Figure 2b). The resulting current density
is therefore

aDyp(0) qFw
w kT

This is larger than the current density in a diffusion transistor by a
factor of AV/ET. Just short of the end of the base the injection density
drops to zero because of the holes falling into the collector. At z = w,
p(2) = 0 and the total current is diffusion current. Because it has to
be equal to the value given by Equation (6), the concentration gradient
at £ = w has to be p"(w) = p(0)qF /kT.

By Equations (5) and (6), the total injection current depends ex-
ponentially upon V,. Therefore the small-signal a-c admittance of the
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emitter at a given bias current is the same as in a diffusion transistor:
Ol q

——— Tan (N
oV, kT

The complete a-c admittance of the emitter including the diffusion
capacitance is found to be*

pix)
p (O}

(0)

4 pix)

P(O) war

{b)

0

Fig. 2—Injected hole density in the base region: (a) diffusion transistor,

(b) drift transistor. The shaded area shows the change in injected carrier

density when the base region narrows with increasing collector voltage
(Section IV, 1).

27, g 1+
e : (8)
oV, /v, ET 2

* Equations (8), (11), (13), and (21) follow from Equations (45),
(46), and (48) of Reference (2) by neglecting the term w*/L* 1 wherever
it occurs together with the term (AV/2kT)% 1.
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where

= 4//1 + 1w " ( 2t >2 . ®

D, \ av

For not too high frequencies the square root can be expanded into a
series and one obtains the diffusion capacitance per unit area,

g w? [ kT \? .
Co=jo—— | — i (10)
ET D, \ AV

which is smaller by the factor 3(kT/AV)? than the value for a diffu-
sion transistor with the same w. For AV = 8kT this factor is about .05.

Actually, the total emitter capacitance includes, in addition to this
diffusion capacitance, the junction transition capacitance. The transi-
tion capacitance is not always negligible in the drift transistor because
of the much higher doping in the base at * = 0. Quantitative values
depend on the steepness of the emitter junction; for an abrupt junction
with Ny = 1017 ecm—3, the transition capacitance is of the order of 1,000
micromicrofarads per mmz2, while the diffusion capacitance for j, = 10
milliamperes per mm?, w = 10—3 centimeters and AV = 8kT is only
150 micromicrofarads per mm2. A high transition capacitance is very
undesirable, because the capacitive emitter current is majority carrier
current and does not contribute to the collector current. This results
in a much more rapid decrease in « with frequency than in a comparable
transistor with a lower transition capacitance. It is therefore desirable
that the emitter junction be graded to some extent and of small area.
For a given current this means a high current density, and a low ratio
of transition to diffusion capacitance. There is, however, an upper limit
for the current density which is derived in Section IV, 3.

The effective base width, w, of a transistor decreases slowly with
increasing collector voltage. In a diffusion transistor this causes an
increase of the diffusion gradient within the base and thereby of the
collector current if the emitter voltage is held constant. Or, if the
emitter current and thereby the gradient is held constant, it causes a
decrease in emitter voltage and a slight increase in current-amplifica-
tion factor, «, and therefore in collector current (Figure 2a). In other
words, the base-thickness variations cause both an internal feedback
and a finite collector conductance.’? In a drift transistor the hole dis-

5J. M. Early, “Effects of Space-Charge Layer Widening in Junction
Transistors,” Proc. I.R.E., Vol. 40, p. 1401, November, 1952.

6J. M. Early, “Design Theory of Junction Transistors,” Bell Sys. Tech.
Jour., Vol. 32, p. 1271, November, 1953.

" R. L. Pritchard, “Frequency Variations of Junction-Transistor Param-
cters,” Proc. I.R.E., Vol. 42, p. 786, May, 1954.
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tribution is substantially uniform near z = 0 and a decrease in w
results in a shift of the distribution to the left rather than in a change
of its shape (Figure 2b). Consequently, the emitter voltage and the
collector current change much less than in a diffusion transistor. The
detailed theory gives the feedback conductance

Jo— — Qe 2kT . (11)
w dV, kT

v
o7, ) ] 1 dw AV ._i(]__*_g)
(‘ aVc Ve

At low frequencies this reduces to

3 1 dw AV _AY
i =g, — —e T, (12)
aVc ¥, w ch kT

a value which is smaller by the factor

AV AL
Ee kT ((1 (% 1/375)

than the value for a diffusion transistor with the same w and dw/dV ..
The collector conductance is

< a]c > 1 dw AV AV
= — j — — — 0
v, /y, ‘wdv, kT | Qe

Q—1 w kT \?2
4 +{ —— . (13)
2 L AV

The low-frequency value of Equation (13),

< 95, ) 1 dw AV A7 e kT
="l —e M 44— (14
vV, v, w dV, kT L2 AV )

is smaller by the factor

AV _AY kT g2
—e Mi—— (1
kT AV L2

than the diffusion-transistor value. For a sufficiently narrow base
width and high lifetime the second term is negligible. The resulting
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extremely low value is due to the fact that in Equation (138) for « = 0
the term @ — 1 vanishes. With increasing frequency, however, it
rapidly outgrows the exponential function, resulting not only in a
capacitive term but in an increase in collector conductance. By expand-
ing the square root and introducing the a-cutoff frequency fa which
is defined in Equation (20), one finds that the conductance increases

according to
%, q 2 O w? [ 2kT \ &2 :l :
=—Je— T | o—
AV, /v, w dV, 2D, \ av

1 dw 1 f \2
—_— — = .
wdV, 2 \ f,
This is still much smaller than the value for the diffusion transistor.

The collector diffusion capacitance, which also follows from Equa-
tion (14) by expansion of the square root, is

1 dw w2 2T
Co=—7,— . (16)
w dV, 2D, AV

(15)

C, is smaller by the factor 83%xT/AV than the diffusion transistor value.
However, the collector diffusion capacitance is less than or in the order
of the already low transition capacitance of the collector. The latter is
therefore the more important capacitance. As shown in Reference (3)
the ratio of the two is

—J.w kT a7
— e T 17)
eD,N, AV

Cdifr/ctr:ms —

For j,=10 milliamperes per mm?, N,=1.5 X 1017 ¢cm~3, w = 10-3
em and AV = 8kT, this ratio is 0.837. For high current density and
high w, the diffusion capacitance may overcome the transition capaci-
tance.

2. The a-Cutoff Frequency and the Current Amplification Factor

The mean velocity of the holes travelling through the base of a drift
transistor is

2D, AV
S— (18)
w2  2kT

Vgring = ppl’ =
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compared to the value for a diffusion transistor of

2D,
Vaitr — . (19)

w2

(One obtains the latter value by dividing the current density by the
average value of the injected charge density, which is 1/2 ¢p(0).) This
result corresponds to a transit-time decrease by a factor of 2kT/AV.
The phase shift of an a-c signal decreases by the same amount. One
might expect, therefore, an increase of the a-cutoff frequency f, by a
factor of AV/2kT. Actually, however, f, is defined by the decrease in
amplitude rather than by an increase in phase shift. A detailed anal-
ysis? 3 which is too long to be given here, shows that the a-cutoff fre-
quency is improved by the factor (AV/2kT)3/2, resulting in

1 D, [ AV \32
fom—— | — : (20)

For AV — 8kT this improvement factor is eight, and with w = 10-3
centimeter, an a-cutoff frequency of about 100 megacycles results.

Equation (20) follows from the complete expression for the trans-
port factor

— T . 2Ave mTo €38

To obtain Equation (21) the following assumptions were made:

(a) The lifetime, 7, is constant throughout the base region. (b)
The surface recombination is neglected. (¢) No recombination nor
avalanche multiplication occurs within the collector depletion layer.
(d) The transit time through the depletion layer is negligible.

The first three conditions affect the numerical value of « but do
not affect its frequency behaviour very much. The depletion layer
transit time, r,, however, which is negligible in ordinary transistors,
may set the ultimate frequency limit in a drift transistor because the
depletion layer may be much wider than in an ordinary transistor.

Initially, r, decreases with increasing collector voltage because the
electric field strength in the depletion layer increases. But there is a
lower limit for 7, because the carrier mobility decreases with increasing
field until eventually, above a certain critical field strength, F, the
carrier velucity reaches an upper limit, v,, and remains constant for
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higher fields.®® The lowest obtainable value for 7, is r, = w,/v,,, where
w, is the depletion layer thickness. This value may become comparable
to the base transit time if the latter is sufficiently small. In order to
obtain the best possible frequency response from a drift transistor
with a very low w it is therefore desirable to apply a collector voltage
such that throughout most of the depletion layer the actual field
strength is about F',. A rough estimate of this desirable voltage is

=V, ~ w,F,. (22)

For holes in germanium, F, is about 10* cm—3 and v, = 5 X 10°
cm/sec leading to the requirement that the minimum operation voltage
of the transistor should be one volt for every micron of depletion layer
thickness. The transit time is then 2 X 10—11 second per micron. Sim-
ilar to the transport factor for the base region, a transport factor, 8,,
can be defined for the collector depletion layer. Provided Equation (22)
is fulfilled, B, is given by?®

1 —e—ivr,

—. : (23)

Bo =

o

tur

-

For a low frequency, 8, becomes e 2 , which means that the deple-
tion layer merely causes an additional phase lag with 7./2 as the time
constant, without amplitude damping. With increasing frequency,
however, B8, will decrease according to

T,
sin —

[B|2= (24)

[ l.
2 |

For f=w/2r =1/2r, |B,|* is down to about 0.4 and we will denote
1/27, as the transition layer limiting frequency, f..

For a depletion layer width of 1 mil, f,= 1,000 megacycles. This
effect is therefore negligible for a transistor with w — 10—3 cm where
the a-cutoff frequency for a drift transistor was shown to be 100 mega-
cycles. With decreasing w, however, f, sets an ultimate limit to the

8J. M. Early, “The PNIP and NPIN Junction Transistor Triode,” Bell
Sys. Tech. Jour., Vol. 33, p. 517, May, 1954. Early there considers the
influence of 7, for the pnip-transistor, but the same considerations hold here.

®E. F. Ryder, “Mobility of Holes and Electrons in High Electric Fields,”
Phys. Rev., Vol. 90, p. 766, June, 1953.
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obtainable over-all frequency behaviour. With w, = 10-3 cm this
occurs for w = 0.2 X 10—% centimeter. Since w, cannot be decreased
indefinitely because of increasing C,, one should expect that the maxi-
mum possible frequency obtainable with a germanium drift transistor
lies in the order of a few thousand megacycles.

On the other hand, if f,» f,, it is not necessary to apply the full
voltage V, in order to utilize the full frequency range possible with
the given value of w.

3. High-Current Behaviour.

Like a diffusion transistor, the drift transistor changes its prop-
erties for high current densities, but in a different way. In a diffusion
transistor, the emitter efficiency, vy, decreases with increasing current,
resulting in « fall-off.1® This effect need not be taken into consideration
here because, long before the y reduction becomes important, the
effective mobility of the holes in the base layer decreases. This is
explained as follows:

When the injected hole density increases, the electron density
increases by the same amount in order to neutralize the injected holes.
The drift field exerts forces in opposite directions upon electrons and
holes thereby trying to separate the two kinds of carriers. This, how-
ever, sets up a balancing “polarization” field retarding both the electron
and the hole motion. The effect is the same as if the mobility had
decreased. Quantitatively, one finds* that the transport equation for
the holes becomes

Ny, N+ 2p
Fp—q-————D,gradp, (26)
N+op N+p

Ir=q

where N is given by Equation (1). That means the holes behave as if
their mobility were given by

Ny,
’ (26)
N+op
while the effective diffusion constant would be
N+ 2p
— D (1))
N+p

10 W, M. Webster, “On the Variation of Junction-Transistor Current-
?mpliﬁcation Factor with Emitter Current,” Proc. I.R.E., Vol. 42, p. 914,
une, 1954.
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For high-level injection, when p » N, the effective mobility decreases
to zero while the effective constant doubles.

The latter result is already known from Webster’s work.l® Because
of the mobility decrease a drift transistor will eventually work as a
diffusion transistor when the current increases.

The mobility decrease first sets in at the collector side of the base
region because N (x) is lowest there. On the other hand, the current
near z = w is diffusion current rather than drift current so that the
u effect will be balanced initially by the apparent increase of D,. Since
the apparent mobility goes down to zero while the diffusion constant
only doubles, the mobility decrease will eventually become more im-
portant. This restricts the useful current range to values where the
ratio p(z) /N (x) remains less than unity everywhere in the base. The
maximum value of this ratio occurs shortly before the end of the base,
namely at

. kT
z~w——Ing, (28)
gl
where
p(@) 1 p, T-FAY
=——¢ KT 29)

N@#) 4 N,

Replacing p, by the current density (Equation (6)) and requiring”
that p = N, the current density limit is found to be

49D, AV _ AV
No—e . (30)
w kT

7y =

Inserting our standard numbers as an example gives 7, = 110 milli-
amperes per mm?2.

4. The Base-Lead Resistance.

The base-lead resistance 7y, consists of two parts: The internal
base resistance of the semiconductor under the emitter area, and a
second part external to the junction areas. It is conceivable that
various techniques may be employed which may make the external

*In Reference (4) the author required p ¢ N instead of p < N. The
stronger inequality is unnecessary because of the increase of the diffusion
constant.
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resistance much less than the internal resistance. This is not the case
in many present transistors. However, in order to confine our argu-
ments to the basic structures we will consider the internal resistance
to represent a limiting condition and utilize this as a basis of com-
parison of transistor structures.

If one denotes the integrated transverse conductivity (ohm—1) of
the base layer by S, then for circular electrodes*s

1
Tyy = ’
8r S
kT
where S = qu, Ny —. (31)
AV

For our standard dimensions, 7, = 8.7 Qf. This is a very low value.
If the d-c bias current is small compared to 6.8 milliamperes, the small-
signal potential drop over the emitter junction,

kT 8i,
8V, =——
q 1

b

is small compared to the potential drop over 7,,. In such cases, the
base resistance is negligible.

V. CoOMPARISON WITH THE P-N-I-P TRANSISTOR

1. General

It is has been shown in the previous sections that the drift tran-
sistor is a “true” high-frequency transistor in the sense that it fulfills
the three requirements for such a transistor mentioned at the begin-
ning. The question then arises as to how it compares with other
conceivable high-frequency structures.

It can be stated quite generally that any transistor which is to
fulfill the three initial requirements has to utilize a nonuniform
impurity distribution within the base region, with a high impurity
density at the emitter side and a low impurity density at the collector
side. The various conceivable structures differ in the way in which
this transition takes place. It can be assumed that the decrease in
impurity distribution within the base region, with a high impurity

T This calculation assumes a constant mobility. The effect of impurity
density on mobility and the consequent modification of 7 is considered
in Section V, 3.
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dves not provide any advantage. All the remaining possibilities can
be considered as intermediate cases between two limiting special dis-
tributions. These structures are the drift transistor structure and the
p-n-i-p structure® It is therefore sufficient to compare these two
structures only.

The drift transistor is a limiting case in the following sense: For
a given effective base width, w, a distribution which leads to a constant
drift field results approximately in the shortest possible carrier transit
time. This statement would hold rigorously if no diffusion in addition
to the drift were to take place.

The p-n-i-p transistor has a constant impurity density in the base
region proper, and an intrinsic region inserted between the base region
and the collector region (see the dotted line in Figure 1). The p-n-i-p
transistor is another limiting case, because for a given effective base-
width, w, a high and constant impurity density within the base leads
to the lowest possible base resistance.

While the thick depletion layer in a drift transistor is an automatic
and necessary consequence of the principle of utilizing a maximum
possible drift field, the introduction of an intrinsic layer into the ordi-
nary p-n-p transistor was arrived at through different reasoning. In
spite of these differences, both structures are similar. Roughly speak-
ing, a drift transistor with the same effective base width, w, has a
higher a-cutoff frequency but also a higher internal base resistance.
This makes it difficult to find a suitable basis for comparison. One
could make the comparison on the basis of equal base width, equal
a-cutoff frequency, equal base resistance or even on a quite different
basis. While there may be instances when other bases of comparison
may be desirable, a suitable compromise for a general comparison
appears to be on the basis of equal structural parameters, w, w,, and
N,.

2. The Carrier Transit Time

According to Equations (18) and (20) the transit velocity in a
drift transistor should be higher by the factor of AV/2kT. and the
f. value by the factor (AV/2kT)3/2, than those values in a p-n-i-p
transistor with the same 1¢. In the derivation of this result the assump-
tion of equal mobilities was made. Actually the mobility depends to
some extent on the impurity density N and decreases with increasing
N. This effect is no longer negligible for the very high values of N
which should be used in high-frequency versions of both types of
transistors. While in the p-n-i-p device this high value is maintained
throughout the whole base, N(x) drops very rapidly with distance
from the emitter in a drift transistor. The average mobility is there-
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fore higher in the drift transistor, and consequently, the v and f,
ratios are even greater than AV /2kT and (AV/2kT)3/2. Because the
regions of different mobilities are connected in series, the correction
factor entering into the formula is in the first order given by the ratio
of the reciprocal mobilities. One can assume the reciprocal mobility
to be a linear function of the impurity content, i.c.,

il 1 N (z) ’
RE
HKp Koo Cy

Taking C, =6 X 1016 cm—2, Equation (32) fits the experimental data
of Prince.! For Ny=1.5 X 1017 the average mobility in the p-n-i-p
device then drops by a factor of 3.5.

In the case of an exponential distribution, the average value of 1/u
is given by

1 1 N, kT
(S R S
Hp Hpo Cp AV

Here, the average mobility decreases only by a factor of 1.3. This
means that the improvement in transit time for the drift transistor
over the p-n-i-p is actually better by a factor of 3.5/1.83 =2.7 than
predicted above on the basis of equal mobilities.

3. Base Resistance

According to Equation (30) the internal base resistance of the drift
transistor is greater by a factor of AV/kT than that of the p-n-i-p.
Again, however, the average mobility in the drift transistor is higher
so that the base resistance in the drift transistor is not as much greater
as indicated by Equation (80). The situation is different from the
above calculation for the transit time in two respects:

1. The majority carrier mobilities rather than the minority mobili-
ties play a role. As has been pointed out by Prince, the majority
carrier mobility decreases with increasing impurity content only half
as much as the minority carrier mobility. In other words, the electron
(hole) mobility in an n-type (p-type) semiconductor is higher than in
a p-type (n-type) of the same impurity content. Instead of Equation
(32), we have, therefore,

1 1 N ()
—=—1 1+ ) (34)
Fon Hono zcn

11 M. B. Prince, “Drift Mobilities in Semiconductors. I. Germanium,”
Phys. Rev., Vol. 92, p. 681, November, 1953.
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where C,=10% c¢m—3 fits Prince’s data. For N,=1.5 X 1017, the
average electron mobility in the p-n-i-p transistor then drops by a
factor of 1.75.

2. Because the regions of different mobility are now in parallel,
the weighed average value of the mobility itself, not of its reciprocal,
is to be considered. One finds for AV » kT in the drift case,

fN@ w V@] 2C, N,

= Hno

Pn

f N(z) dz N,
According to Equations (34) and (85) the mean electron mobility in
a drift transistor decreases only by 1.84. The base resistance ratio
given above is therefore reduced by a factor of 1.75/1.84 =1.3.

4. Conclusions

In order to obtain a really satisfactory comparison between the
two types of transistors it would be necessary to distinguish between
many different circuit conditions like neutralized and unneutralized
circuits, ohmic and inductive load matching and so on. Since a com-
plete comparison is much too complicated for practical purposes, the
best practical basis for comparison presently available seems to be
the well-known figure of merité1213

Figure of merit = 1/7,,- C, 7, (36)

where 7,;,, C, and 7 denote base lead resistance, collector capacitance,
and transit time, respectively. As C, is the same in both structures
for equal w, we have to compare the product of base resistance and
transit time. According to the two preceding sections the figure-of-
merit ratio in the two cases is equal to

1 1 + NO/Cp ZCH
— - [1 + No/zcrz]
2 1+ (kT/AV) (No/C,) N,

In [1+4 Ny/2C,1. (87)

Inserting standard numbers this becomes 1.8. The figure of merit for
a drift transistor is better by almost a factor of two than for a p-n-i-p
with corresponding geometry.

. 121L. J. Giacoletto, “The Study and Design of Alloyed-Junction Tran-
sistors,” 1954 I.R.E. Convention Record, Part 3, pp. 99-103.
13 L. J. Giacoletto, “Study of p-n-p Alloy Junction Transistor from D-C
thg(‘)iugh Medium Frequencies,” RCA Review, Vol. XV, p. 506, December,
1954.
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Ag pointed out by Giacoletto,’® the basis for the-figure of merit
used above is no longer valid when the base-lead resistance is small
compared to the forward resistance of the emitter junction (see
Section IV, 4). Under these conditions, it is believed that the high-
frequency performance will be largely determined by the a-cutoff
frequency and the capacitance alone. On this basis the drift transistor
will be even better compared to the p-n-i-p than indicated by the figure
of merit used above because the a-cutoff frequency in a drift transistor
is much higher. The detailed calculations under these conditions
remain to be carried through.



A VARIABLE-CAPACITANCE GERMANIUM
JUNCTION DIODE FOR UHF*{

By

L. J. GIACOLETTO AND JOHN O’CONNELL
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Princeton, N. J.

Summary—A semiconductor junction when biused in the reverse (nom-
conducting) direction is a capacitance which can be varied by the bias
voltage. Such a wvoltage-varieble capacitance has many possible uses. In
particular automatic frequeney control (a-f-c¢) at ultra-high frequencies
(UHF') is attractive provided the electrical losses are sufficiently small.
In this paper the design, construction, and measurement of a junction diode
useful throughout the UHF range are considered. The diode consists of a
0.020-inch dot of indium alloyed on to a 0.002-inch-thick wafer of 0.1 ohm-
centimeter n-type germanium and mounted with low-inductance connections.
It has greater control sensitivity and better electrical characteristics than
an electrom reactance tube and, in addition, the operating power required
by the diode is trivial in comparison with that of an electron tube. Typically,
the performance at 6-volt bias 1s as follows: a capacitance of 38 micro-
microfarads; a capacitance change of 3 micromicrofarads per volt; lead
inductance of 2.6 millimicrohenries; effective series resistance of 0.5 ohm.
Such a variable capacitor has a very high @ at the lower radio frequencies,
decreasing to Q@ = 17 at 500 megacycles. Only about 1 microwatt of d-c
control power is needed. A Q of 36 at 500 megacycles was obtained in one
of the better units having a sertes resistamce of 0.23 ohm.

GENERAL DISCUSSION

JUNCTION of two dissimilar semiconductors constitutes, gen-
A erally, a junction diode with a variety of electrical properties.
If the diode is biased in the reverse (nonconducting) direc-

tion, the mobile charge carriers are moved away from the junction,
leaving uncompensated fixed charges in a region near the junction.
The width, and hence the electrical charge, of this region (space-charge
layer) depends on the applied voltage giving rise to a junction transi-
tion capacitance whose small-signal value is shown as C, in Figure 1.
The variation of a bias voltage is accompanied by a change in current
and gives rise to a small-signal conductance, g, across C, as seen in
Figure 1. At frequencies below a few hundred kilocycles, the parallel
combination of C, and g are sufficient to define the small-signal char-
acteristics of the diode. At higher frequencies the inductance of the
leads, L,, and the series resistance of the semiconductors, »,, become
significant. The stray lead eapacitance may also be significant, but in
the units to be described is small enough to be neglected. Thus, the

* Reprinted from RCA Review, March 1956.
T This material was presented at the Conference on Electron Devices,
Washington, D. C., October 24-25, 1955.

221



292 TRANSISTORS I

g=0.05xmhos
O—QTFP—I—NE —AAMA—O
Jes r,
o, L o
=2.6x10 ph Cq =058
= ropuf @ voLT
= 3gupuf@evoLr

s2a5pupf @ 15VOLT

Fig. 1—Diode equivalent circuit.

complete small-signal equivalent circuit of the reverse biased diode
applicable from very-low to ultra-high frequencies is as shown in
Figure 1.

The factors which must be determined in the design of a diode for
ultra-high frequencies are the semiconductor material, its conductivity,
the junction area, the height of the semiconductor eylinder between the
junction plane and the base plane of the wafer, W (see Figure 2), and
the lead length. The semiconductor material is chosen to give the
highest @ at high frequencies, and of presently available semicondyec-
tors, n-type germanium is well suited. The germanium conductivity
should be high to decrease electrical losses but an upper limit is deter-
mined by the maximum reverse bias. The desired capacitance for a
particular bias voltage determines the area of the junction. The series
resistance is determined by the junction area and the dimension W of
Figure 2. W should be as small as possible to decrease electrical losses,
but a practical minimum value is imposed by the percentage of *“short
through” rejects during construction of the diodes. The diode leads
should have a large diameter and short length to keep the lead induc-
tance to a minimum.

This paper first considers the equations which govern the selection
of design factors and which illuminate diode performance. Following
this, the construction of a practical diode is deseribed, and its measured

SPACE CHARGE REGION
OF WIDTH wj

'\é In
IL<
JUNCTION
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CONTACT :
d

Fig. 2—Diode geometry.
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performance is given. An Appendix contains the comparison of meas-
urements with diode theory.

DESIGN RELATIONS

The semiconductor juncfions to be considered herein are made by
alloying indium (p-impurity) on n-germanium.! This process gives an
abrupt transition between the p-type indium-enriched germanium and
the n-type germanium so that the resulting junction operates in ac-
cordance with a theory develaped by Schottky.? Similar junctions can
be made by alloying n-impurities on p-germanium, or by using a dif-
ferent semiconductor.

Transition Capacitance
The junction diode transition capacitance can be formulated as for
a conventional parallel-plane capacitor. Thus
K ¢
W,

Cy—= A farads, (1)

where
K = relative permittivity = 16 for germanium,

1

¢ = permittivity of free space < X 10—9 farad/meter >

367

A = junction area in square meters, and

W, = effective width of junction in meters.

The effective junction width is voltage dependent and for the case
where the conductivity of the p-type indium enriched germanium is
much greater than that of the n-type germanium, is

2Kegpy
W= — (Vo + V) ——— meters, (2)

Oy

1R. R. Law; C. W. Mueller, J. I. Pankove, and L. Armstrong, “A
Developmental Germanium P-N-P Junction Transistor,” Proc. I.R.E., Vol.
40, pp. 1352-13857, November, 1952.

2 For a summary of Schottky’s work and complete references, see
J. Joffe, “Schottky’s Theories of Dry Solid Rectifiers,” Electrical Commu-
nication, Vol. 22, pp. 217-225, 1945. For details of analysis, see W. Shockley,
“The Theory of P-N Junctions in Semiconductors and P-N Junction Tran-
sistors,” Bell Sys. Tech. Jour., Vol. 28, pp. 435-489, July, 1949
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where

meter?
s = mobility of electrons in n-germanium in ———

volt sec.
= 0.39 for intrinsic germanium

=0.30 for o, = 1,000 mhos per meter germanium
used for the present diodes,?

Vo = contact voltage in volts,

V = applied bias voltage in volts measured with n-germanium
as reference (negative for reverse bias),

o, = conductivity of n-germanium in mhos per meter

=1,000 for the germanium used for the present diode.

The change in diode capacitance with temperature will be negligible,
provided the diode voltage is constant, since the temperature-dependent
quantity in Equation (2), mobility, cancels out for doped germanium
where o, o p,.

The fractional change in C, as a function of V can be formulated
from Equations (1) and (2) as

AC, AV
= . (3)
C, 2(Vo+V)

The fractional change in C, is one half the fractional change of applied
voltage and is independent of diode dimensions and material properties,
except that at small bias voltages the material properties may be sig-
nificant in determining the contact voltage, V,.

Contact Voltage

The voltage, V,, of Equation (2) is an internal contact potential
developed between the n- and p-type semiconductors. This voltage will
be a few tenths of a volt negative and therefore negligible except at
very small applied voltages. The contact voltage can be considered as
composed of two parts: a contact voltage of the p-type germanium on
intrinsic germanium; and a contact voltage of intrinsic germanium
on n-type germanium. Since the p-type germanium conductivity ap-
proaches that of a metal, the first part of the contact voltage is very

¥ M. B. Prince, “Drift Mobilities in Semiconductors I. Ge,” Pkys. Rev.,
Vol. 93, pp. 681-687, November 1, 1953.
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nearly half of the germanium voltage gap, namely, —0.36 volt. The
second half of the contact voltage can be formulated analytically with
the aid of usual junction equations in terms of the properties of the
intrinsic and n-type germanium. The net result is a value between
zero and —0.86 volt. For the diode herein described, the calculation
gives a total contact voltage of —0.54 volt, which is in agreement with
measurements (see Appendix).

Series Resistance

The diode series resistance, r,, is due to the wafer of germanium.
When the junction diameter is much larger than W, the distance to
the base contact (Figure 2), the series resistance can be rather accu-
rately formulated on the basis of a semiconductor cylinder of area A
and height W provided that the diode is biased in the reverse direc-
tion. Thus

w—Ww,
r,——— ohms. (4)
oA

W, (Equation 2) will generally be negligible in comparison with W.
The temperature dependency of r, will be that of o, and will be gen-
erally small.! In the temperature range of =100 degrees centigrade,
r, will increase about 0.6 per cent per degree centigrade increase in
temperature provided o, > 100 mhos per meter.

The series resistance for the forward biased diode is current de-
pendent and decreases rapidly with increasing current.

Lead Inductance

The diode lead inductance is an important factor which cannot be
neglected at ultra-high frequencies. The lead inductance can be com-
puted reasonably accurately from the formula® for a straight length
of wire:

41
Ly,=5.0811n (—) millimicrohenries, (5)
d

where [ is the length of the wire and d is the wire diameter in inches.
Diodes constructed as described in this paper require interpretation
in determining appropriate values of | and d, since the wire cross

4P. G. Herkart and J. Kurshan, “Theoretical Resistivity and Hall
Coefficient of Impure Germanium Near Room Temperature,” ECA Review,
Vol. 14, pp. 427-440, September, 1953.

5 Frederick E. Terman, Radio Engineers’ Handbook, McGraw-Hill Book
Co., New York, N. Y., p. 48, 1943.
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section is not uniform. The bulk of the inductance will generally be
due to the small wire contacting the diode dot.

Mazimum Junction Voltage

The maximum reverse bias (breakdown voltage) which may be
applied to a junction is determined by an avalanche breakdown phe-
nomenon which causes a precipitous increase in the junction current.
The breakdown voltage, Vj, is a function of the impurity density, Np
(impurities per cubic meter), of the semiconductor material. Accord-
ing to measurements® on n-type germanium

Vy=—22X 1018 (Np) —0.725 ~~ — 2650 (o,) —0-725 volts, (6)

where o, is in mhos per meter.

Q Figure of Merit

It is common practice to use @ (the ratio of series reactance to
series resistance) as a figure of merit for capacitors. The diode @,
taking into account both series resistance and shunt conductance, is

C,
B g +'r: (gz +0’2032) .

Qq (7

If the diode parameters are independent of frequency (this is a good
assumption particularly in the case of r, and C,), Q; has a maximum

when
1 /o ~
= == — A +r9, ®)
C, 7

1 -1
Q4 (max.) ZE I:ng 1+ ng):, 3 9

The maximum Q; is

At high frequencies, where the shunt conductance can be neglected,
Qs can be determined from Equations (1), (2), and (4). The result is

1 1 2ty Ty
Qs = = — (Vo+ V) . (10)
(ﬂCs ’I‘s (ﬂ(W_ WJ) KCO

¢ S. L. Miller, “Avalanche Breakdown in Germanium,” Phys. Rev., Vol.
99, pp. 1234-1241, August 15, 1955.
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From this equation it can be concluded that:

(a) Qg is independent of junction area and varies inversely with
frequency.

(b) For a large Q,, o, should be made as large as possible — the
upper limit being determined by the junction breakdown voltage, Equa-
tion (6), or by the fact that uy, decreases as o, is made larger. For
n-type germanium, the maximum @, occurs when o, is approximately
10,000 mhos per meter, and for this conductivity, V3~ —38 velts; W
should be as small as construction techniques permit; and a large
operating bias should be employed.

(c) Qg can be increased by selecting a semiconductor material
with the largest value of u/K. Of the two commonly used semiconductor
materials (germanium and silicon), n-type germanium has the largest
value of pu/K. For this reason the presentation herein has centered
around n-type germanium and this material is used in the diode de-
scribed below.

A loss-free capacitor in series with the diode can be used as an
impedance transforming means to increase the effective Q. This series
combination decreases the net losses at the expense of the amount of
variable capacitance. Placing a capacitor in series with the diode has
other advantages such as blocking the d-c bias voltage, limiting a-c
voltage across the diode, and eliminating lead inductive reactance at
one frequency.

At low frequencies and when the diode is biased in the reverse
direction, @, is determined by Equations (1) and (2) and the diode
conductance, g, which is determined in practice by a leakage con-
ductance. Thus:

) CG o A / Keyo,

Q= = % - —H s
g 9 —'2:“11 (V0+ V)

(11

Saturation Current

The saturation current is determined by the geometry and surface
and volume recombination of hole—electron pairs. A more exact calcu-
lation can be carried out, but with germanium of good quality the
contribution from volume recombination is small and may be neglected.
Further, the contribution from the base contact surface will outweigh
the contributions of the free surfaces because of its higher surface
recombination velocity, s, and, also, in a structure designed for UHF,
because of its proximity to the junction. The saturation current may
be found by formulating an equation for the terminal current, / = — I,
which flows when the diode is biased in the reverse direction.
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Under these conditions the hole density at the junction will be zero
and will increase approximately linearly to a value p, at the base
contact. Analytically this requires sW/D, » 1, where D, is the diffusion
constant of holes in n-type germanium (D, =44 X 10—* square meter
per second for intrinsic germanium). It is believed that the s of the
metallic base contact is large enough to satisfy the inequality if W is
greater than 25 microns (0.001 inch). The actual value of s under
these conditions does not enter into the calculation. The saturation
current is thus determined by the hole density gradient p,/(W —W))
and is

pn q2 ’}’L,-':: My, A D))
=== amperes, (12)
wW—Ww,; o, (W—W))

Is:qADp

where ¢ is the carrier charge (¢ = 1.60 X 10—1!% coulombs) and =, is
the carrier density in intrinsic material (n; = 2.4 X 109 carriers per
cubic meter for germanium at room temperature).

The magnitude of I, together with the bias voltage, V, will deter-
mine the amount of bias power required to operate the diode in the
reverse direction. I, will increase rapidly with temperature’ (approxi-
mately 10 per cent per degree centigrade near room temperature) due
primarily to the increase in n2.

Frequency Effects

The frequency dependencies of , and C, are intimately associated
with fundamental properties of the semiconductor® provided the diode
is biased in the reverse direction. In this event, », and C, will be fre-
quency independent as long as the semiconductor displacement current
proportional to 27fKe, is much less than the conduction current pro-
portional to 0. For impure germanium as used herein of conductivity,
o, = 1,000 mhos per meter, the displacement and conduction currents
become equal at f = 1.1 X 1012 cycles. Hence, the formulas for 7, and
C, are valid throughout the present range of interest. At higher fre-
quencies, electrical losses due to skin resistance of the leads may be
appreciable, but throughout UHF correction therefor is not required.

In the forward direction the diode performance changes rapidly
with frequency and different formulas must be used.’

””

L. J. Giacoletto, “Power Transistors for Audio Output Circuits,
Electronics, Vol. 27, pp. 144-148, January, 1954.

8 William Shockley, Electrons and Holes in Sewmticonductors, D. Van-
Nostrand Co., Inc., New York, N. Y., pp. 199-200.

% W. Shockley, op. cit., pp. 309-318.
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Noise

The noise associated with the diode can be determined by intro-
ducing into the equivalent circuit of Figure 1 a mean-square voltage
generator, V2 = 4kTr Af, in series with r, and a mean-square current
generator, I2 = 2q (I + 2I,) Af in shunt with g. In these formulas, k is
Boltzmann’s constant (1.838 X 10—23 joules per degree Kelvin) and T
is temperature in. degrees Kelvin. These noise generators are inde-
pendent of frequency when the diode is biased in the reverse direction
(I=-—1,). A 1/f type of noise generator may aiso be significant if
diode leakage is appreciable.l®

CONSTRUCTION

The diode for which measurements will be given has a parallel
plane geometry with axial leads, and is designed to give good per-
formance through ultra-high frequencies. In accordance with the
design relations, n-type germanium is used since this semiconductor
gives better performance than p-type germanium or p- or n-type
silicon. A minimum germanium resistivity of 0.1 ohm-centimeter was
selected to permit operation over a useful range of bias voltages. This
resistivity material will permit a bias voltage as large as 18 volts. A
junction diameter of 20 mils (area of 20 X 10—¢ square centimeters)
was selected to achieve the desired range of diode capacitance. Lead
inductance is kept small by using short, large diameter lead wires.

The completed diode is shown in the photograph of Figure 3. For
comparison purposes, a standard 1N82(K3E) UHF mixer diode is also
shown.

Parts Preparation

The disassembled view of the diode showing the various component
parts is shown in Figure 4. The base stud is made of Kovar? or Therlo*
to match the germanium thermal expansion and is designed so that
the diode can be screwed directly to a chassis. A 0.002-inch depression
on the top of this stud aids in positioning the base wafer. The depres-
sion is covered with about 0.001 inch of high purity tin-lead—antimony
solder. The wafers are chemically etched to 0.002 inch thickness. The
dots are punched cylinders of indium 0.015 inch by 0.015 inch diameter.
The nickel wire has one end balled and coated with indium and the
wire is lightly tinned with a low-melting solder. The top stud has a

10W. H. Fonger, “A Determination of 1/f Noise Sources in Semicon-
ductor Diodes and Triodes,” Transistors I, RCA Laboratories, Princeton,
N. J., 1956, pp. 239-295.

T Trademark of the Westinghouse Electric Corp., Pittsburgh, Pa.
* Trademark of the Driver-Harris Co., Harrison, N. J.
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Fig. 3—Photograph of variable capacitance diode and type K3E
commercial UHF mixer diode.

0.041-inch-diameter hole through the center, and the inside of this
hole is tinned with the same low-melting solder. The top stud is screwed
to the ceramic body and bonded in place with Araldite’ to form a sub-
assembly. The indium dot, germanium wafer, and base stud are also
processed as a subassembly. This subassembly is made by mounting
the base stud, germanium wafer, and indium dot together with the aid
of carbon jigs.! The assembled unit is fired for five minutes at 550°C.
in an atmosphere of dry hydrogen both to solder the germanium wafer
to the stud and to alloy the dot into the germanium.

Assembly

A jig as shown in Figure 5 is used to facilitate assembly and etch-
ing. The brass stud ceramic subassembly is inserted and held in place
with the set screw. The base stud subassembly is mounted and held
in place with a set screw made of insulating material. The wire is in-
serted through the jig hole, adjusted so that the indium coated balled

B8RASS TOP
STUD

INDIUM DOT 0.192" x g218"d
b " NICKEL WIRE
0.015" x o.onx 2" % 6.620"

==

G TREES o
/ BALLED END

KOVAR BASE

n- TYPE GERMANIUM  CERAMIC BODY
WAFER 0.2)0" x 0.230"d
0.002" x 0.070"d

STUD
0.250"x 0.218"d

Fig. 4—Disassembled drawing of diode.

t Trademark of Ciba Inc., New York, N. Y.
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end is contacting the indium dot, and then held in place with the set
screw. A hot jet of hydrogen gas is used to solder the wire and dot
together.

The diode is next electrolytically etched by dipping the base stud
end only of the jig into the electrolyte. After etching, the diode is
washed, dried, and then coated with a protective coating. The threads
of the base stud are next coated with Araldite and the brass stud
ceramic subassembly lowered and threaded onto the base stud. The
wire and brass stud are soldered together with the same low-melting

TOP STUD

~~ SET SCREW
r.;qﬁ@ =
A 0

TOP STUD
CERAMIC
SUB ASSEMBLY
WIRE
SET SCREW
BASE STUD

_~ SET SCREW BASE STUD
2 ﬂalxsszmau
- M-E ,-___B.ﬁ(;_’ “®.,>_

| TEXTOLITE
FRAME

Fig. 5—Diode fabrication jig.

solder used to tin these parts. At this point, the diode is a completed
unit and may be removed from the jig.

MEASURED RESULTS ON A TYPICAL UNIT

As a variable reactance device, the characteristics of greatest inter-
est are the capacitance versus reverse bias voltage (measured at low
frequencies), the total reactance with variation of bias voltage and
frequency, and the loss. Figure 6 shows measured data at 1 and 2
megacycles where lead inductance and loss resistance are negligible.
The solid curve was computed from the design formulas and agrees
with the data. At the nominal bias of —6 volts, the capacitance is 88
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micromicrofarads, and the slope is about 3 micromicrofarads per volt.
Over the useful range, up to —16 volts, the capacitance varies inversely
with the square root of the bias voltage from about 160 to 25 micro-
microfarads.

The terminal reactance as a function of frequency, with the bias
as a parameter, is plotted in Figure 7. The measured points agree
with the solid curves which were calculated from the theoretical
junction capacitance (see Equations 1 and 2) and a lead inductance
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Fig. 6—Diode capacitance versus bias voltage.

of 2.6 millimicrohenries. It is seen that the diode is useful as a con-
trollable reactance well into the UHF range.

The loss resistance was measured in equipment specially designed
for the purpose and was found to be approximately constant with fre-
quency and bias variations. Typical measured results correspond to
a series resistance of about 0.5 ohm, and the @ at 500 megacycles, with
—6 volts bias, is about 17. Since all the data confirms the type of
equivalent circuit shown in Figure 1, it is possible to compute the
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diode behavior over a wide range of frequencies and operating con-
ditions.

Since the units described in the paper are experimental units, some
variation was encountered between units, particularly in the series
resistance. In one of the better units, the series resistance was 0.23
ohm resulting in a @ of 36 at 500 megacycles.

In the Appendix, comparison of the measured results with the
theoretical design relations is discussed in more detail.

CONCLUSIONS

A junction diode has been described which has attractive operating
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Fig. 7—Terminal reactance versus frequency.

characteristics over a wide range of frequenecies including ultra-high
frequencies. Diodes of the type described can be used for automatic
frequency control,”* frequency selection, mixing, voltage-controlled
tuning, frequency modulation, and as dielectric amplifiers. It is found
that the diodes follow theory very closely so that the design relations
can be used for designing diodes for various applications.
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APPENDIX~—COMPARISON OF MEASUREMENTS WITH DIODE THEORY

It is of interest to compare the junction theory with measured data.
The agreement in general is exceptionally good.

Consider first the forward volt-ampere characteristics of the diode.
The current flow in an ideal diode is given by

I=1I, (eAv —1), (13)

where A is q/kT (equal to 88.8 volts—! at 25° C). In many conven-
tional diodes, the series ohmic resistance is not negligible and the
theoretical exponential diode equation is not found. Figure 8 shows
the measured forward characteristics of one of the present diodes.
This figure indicates that the characteristics follow rather exactly the
ideal diode Equation (18) with the slope indicating an exponential
factor A =37.3, rather than the theoretical value of 38.8 at 7 = 25° C.
In accordance with Equation (18) the zero voltage intercept of the
straight line on Figure 8 is the saturation current, I,=0.15 micro-
ampere.

Another method of determining I, is to evaluate!? the diode con-
ductance, g, = A I,, at zero bias voltage and current. From the meas-
ured g,="7.2 micromhos, /, = 0.186 microampere is computed using
A =388.8 for room temperature, T =25° C. A third method of deter-
mining I, is to measure the diode current for a reverse bias. By this
means I, = 0.17 microampere was measured at ¥V =—1 volt. The last
two methods of measuring I, include current flow due to any leakage
across the junction; this current is not included in the first method of
evaluating I,. Therefore the difference between these values of I, can
be used as a rough estimate of the leakage conductance, which is about
1 micromho by this method. The value is in reasonable agreement
with direct measurement of diode conductance with reverse bias which

* Now with the National Bureau of Standards.

22 L. J. Giacoletto, “Equipments for Measuring Junection Transistor
Admittance Parameters for a Wide Range of Frequencies,” RCA Review,
Vol. 14, pp. 269-296, June, 1953.
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ranges from 1 to 0.03 micromho for bias voltages ranging from —1
to —6 volts.
With aid of Equation (13), the diode conductance, g, is

oI I oI,
g=—-=AU+I)+— (14)
)% I, oV
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Fig. 8—Diode current versus forward bias voltage.

In the forward direction, the diode conductance is dominated by the
first term in Equation (14); in the reverse direction, provided —V is
greater than a few tenths of a volt, I=—1I, and g is given by the
second term in Equation (6). The formulation of the second term ecan
be carried out with the aid of Equations (2) and (12). When this
formulation is carried out and evaluated it is found that the resulting
conductance is about an order of magnitude smaller than measured
conductances. It is therefore concluded that the measured conductance
is due to a leakage conductance, g;, The diode conductance is of rela-
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tively minor importance which is fortunate since g, is not a designable
constant.

When the diode bias is smaller than a few tenths of a volt in the
reverse direction or when the diode is biased in the forward direction,
a diode diffusion capacitance, C,;, must be added to the transition
capacitance (Equations (1) and (2)) to obtain the total junction
capacitance. The diode diffusion capacitance when W is small com-
pared with the diffusion length of minority carriers is

w2

C,=AI+1) farads. (15)

P

This diffusion capacitance relation is useful to determine the value W,
l.e., the thickness of the semiconductor between junction and soldered
connection. For example, on the present diode, C; = 2120 micromicro-
farads at I =285 microamperes was measured, and W =4.1 X 10—5
meter is obtained. This value of W agrees reasonably well with
4.6 X 15—5 meter calculated from a resistance measurement (see
below).

A plot of diode transition capacitance with bias voltage is shown in
Figure 9. The data of this figure is the same as for Figure 6 but has
been replotted to indicate that the transition capacitance obeys exactly
the formulation of Equations (1) and (2). The slope of the line should,

2p.
according to theory, be — 106 X 10—*% (puuf) —2V -1, This
A2K eyo,

can be compared with a measured slope of —1.0 X 10—4% (uuf) —2V -1,

The intercept on the voltage axis in Figure 9 gives the contact
voltage, Vo = — 0.5 volt. This value can be compared with the computed
value, —0.54 volt, obtained using the equation

1 Ng
Vo=—036 ——1In volt. (16)
A n;
N, is the impurity density in the doped 7 semiconductor and can be
determined from the approximate expression, o, ~ q u,N,.

The frequencies used for the data of Figure 9 were low enough
that lead inductive reactance is negligible. At higher frequencies the
lead inductive reactance cannot be neglected. A plot of the type shown
shown in Figure 10 can be used in determining the lead inductance.
Here, the intercept at zero net bias voltage corresponding essentially



VARIABLE CAPACITANCE DIODE 2317

with zero diode impedance gives the lead inductive reactance. Due to
small measurement errors the intercepts do not all give the same lead
inductance. An average of the several inductance values indicates
L,=2.6 millimicrohenries. According to theory this inductance for
a wire diameter of 0.020 inch would correspond with a wire length of
0.15 inch. This wire length corresponds closely with the best estimate
for the geometry employed. Also, the straight-line plots of Figure 10
indicate that stray capacitance is negligible for the range of operation
considered here.
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Fig. 9—1/C? versus bias voltage.

Using the measured value of the series resistance for this particular
unit, i.e., r,=0.23 ohm, Equation (4) indicates that W =4.6 X 10—5
meter. From the original wafer thickness of 5.1 X 10—5 meter, a
penetration during alloying of 0.5 X 10—5 meter (0.2 mil) is indicated.
This amount of penetraticn is somewhat less than expected on the bases
of alloying temperature and dot geometry.® Other diodes had series
resistance values that were larger than could be explained by Equation
(4). Thus it appears that there is an extraneous variable contribution
to the series resistance. This is believed to be a contact resistance.

13 I,. Pensak, “Calculations of Alloying Depth of Indium in Germanium,”
Transistor I, RCA Laboratories, Princeton, N. J., 1956, pp. 112-120.
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Calculations of diode @ (Equation 7) using r, = 0.23 ohm, C,=38
micromicrofarads and g = 0.03 X 10—% mho corresponding to —6 volts
bias indicate values of Q,=175, 36, and 18 at 100, 500, and 1,000
megacycles. Equations (8) and (9) indicate a maximum Q of 6,015
at f = 1.5 megacycles.



A DETERMINATION OF 1/f NOISE SOURCES IN
SEMICONDUCTOR DIODES AND TRIODES#*

By

WiLLIAM H. FONGER

RCA Laboratories,
Princeton, N. J.

Summary—Generators representing 1/f noise sources in forward- and
reverse-biased diodes and in triodes are experimentally determined and
related. The generators result from two independent sources. One source,
surface noise, has been interpreted by D. O. North as thermal fluctuations
in surface potentials. The second, leakage noise, has long been associated
with leakage currents across the periphery of the collector. These two
sources, with their multi-generator representations and wvery different
dependences on the biases and temperature, account nicely for the com-
plicated 1/f noise observed in junction devices.

I. EXTENDED SUMMARY

tion diodes and triodes (transistors). Simplified circuit sche-

matics for these deviees, valid at low frequencies, are shown in
Figures 1(a), 2(a), and 8(a). See Table I for the notation. It will
be useful here to appreciate parallels between the forward-biased
diode (hereafter called forward diode for simplicity) and the emitter
portion of the triode and between the reverse-biased diode (hereafter
called reverse diode) and the collector portion of the triode. Thus
emitter, base, and collector notations have been used for the diode
devices too. The triode schematic is convenient for the common-emitter
connection but can be used for any connection.

There are three types of noise in junction devices:

THIS report describes the low-frequency noise observed in junc-

1. White Noise. This noise, very well understood theoretically, has
its origins in the random atomic-scale processes which underlie macro-
scopic quantities such as diffusion constant, bulk lifetime, and surface
recombination velocity. The name white noise is inappropriate at high
frequencies, but will be retained for the low-frequency work here. The
generators which must be appended to the schematics to represent this

* The work deseribed here was summarized by the author at the 1955
IRE-AIEE Conference on Semiconductor Device Research, University of
Pennsylvania, and by Dr. D. O. North at the Massachusetts Institute of
}elchni)})%géy summer program Noise in Electron Devices, Cambridge, Mass.,

uly, L
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Table I—Notation

element of area

base surface area

external base point

internal base point

collector junction area
collector

pair diffusion constant
emitter

frequency

contribution to noise factor
pair generation rate
small-signal pair generation
rate

triode transconductance
equivalent noise conductance
base current

small-signal base current
collector current
small-signal collector current
collector saturation current
emitter current

small-signal emitter current
emitter saturation current

emitter—collector saturation
current

leakage current
small-signal leakage current

noise component of leakage
current

noise current generator

(WD/2s)*, diffusion length
beyond E.

thermal-equilibrium electron
density in base

pair density

thermal-equilibrium hole
density in base

hole density in emitter
P — P, €Xcess pair density

excess pair density near
emitter

small-signal excess pair den-
sity near emitter

o
Ry
Py
Rc
R.
qu
waw

R.’

dv
Vi
dViyn
Veur
dV esr
Vs

%
dVew

We

¥ (f)

electronic charge

radial coordinate; pair recom-
bination rate per unit surface
area

three-space coordinate

d-c base-lead resistance
a-c base-lead resistance
large dot radius

small dot radius
equivalent noise resistance

portion of RB., due to surface-
noise di,. generator

portion of R., due to surface
noise

see Table III
surface recombination velocity

superscript denoting surface
noise

noise voltage generator
base-lead voltage

small-signal base-lead voltage
V., collector voltage
small-signal collector voltage
thermal-equilibrium potential
of n-type region relative to
p-type region

emitter voltage

small-signal emitter voltage

probability of pair reaching
emitter

probability of pair reaching
collector

base width

see Table ITI
see Table III
axial coordinate

collector-base current amplifi-
cation factor

base resistivity
thermal-equilibrium base
resistivity

quantity characterizing noisi-
ness of surface

Typical values for the units studied here are

D = 45 em2/sec R.—=0.057Tcm
I,=10.016 cm R,=0.023 cm
W =0.004 ecm

s =350 cm/sec
pr = 3 ohm-cm

v(f) =10—7/f ecm*/sec
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noise are shown in Figures 1(b), 2(b), and 3(b). All generators are
uncorrelated. These representations can be derived from North’s mesh
model! or from the argument followed by Giacoletto? The triode
representation can be transformed identically into that described by

r o= —k.[__
fo'e P " "q(Ie+Tes)

My,
fob' = Rpy + Ip :—:.‘;—"—

(o) SIGNAL SCHEMATIC

dite = 2q( Iet+ 2I,4)df
gvz.., = & kTRpprdf
dvzbbl bb

dig, = Q We d9

EL
B’ = Tn (G022 guy o) dg

{c) % SURFACE  NOISE
Fig. 1—Circuit schematics for forward diode.

)

van der Ziel,? provided one uses the correspondences listed in Table II.
The older representation of Montgomery and Clark,* while incomplete,
is of historical significance.

2. 1/f Surface Noise. This noise is known empirically from its
strongly current-dependent contribution to triode noise factor. The

1D. O. North, “A Physical Theory of Noise in Transistors,” presented
at the 1955 IRE-AIEE Conference on Semiconductor Device Research,
University of Pennsylvania; also, “Transistor Noise,” presented at the
Massachusetts Institute of Technology summer program Noise In Electron
Dewvices, Cambridge, Mass., July, 1955.

2L. J. Giacoletto, “A Noise Factor Formulation for Junction Tran-
sistors,” presented at the 1954 IRE-AIEE Conference on Semiconductor
Device Research, University of Minnesota; also, “The Noise Factor of
Junction Transistors,” Transistors I, RCA Laboratories, Princeton, N. J.,
1956, pp. 226-308.

3A. van der Ziel, “Note on Shot and Partition Noise in Junction
Tran51stors,” Jour. Am)l Phys., Vol. 25, p. 815, June, 1954, Case (b).

H. C. Montgomery and M. A. Clark “Shot Noise in Junction Tran-

sxstms,” Jour. Appl. Phys., Vol. 24, p. 1337 October, 1953.
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Fig. 2—Circuit schematics for reverse diode.

s KT
e ] P —
¢ be = (TptTeat IcstIL)
q{Ic—Tcs—Iy)
kT

QRbb
o' = Rob'+Ip 3y,

.9m =

(a) SIGNAL SCHEMATIC

dipt daX.
’ . ¢
Tob b % dige = {IptIcgt2T ) at

iyt = 2q Les df

0i%e .= 29 (Ic- Ics) of
e dv?bb/=4kTRbb'df
{b) WHITE NOISE

41,

S
3
&
a
=
o

-— "oy’ b oz = )
O —D T bk T awed
dvpy - Tve dipt = qw dg
] dv,
digte Im Ve dVpy = Ip il q(wfw)fm]dq
- 3Ty
e
{¢) % SURFACE NOISE
dip’
2 G = 35 divesa azyy; 98,z anToutdr
- ¢ = dlin; = eq
—O—ww QD c 5
vy’ oe l dvpy = Iy —3—1—“ di e
I Ve

e
(d) % LEAKAGE NOISE
Fig. 3—Circuit schematics for triode.
name stems from a physical model for the noise proposed by North.!

According to this model, thermal fluctuations in surface potentials
perturb the surface recombination velocity, s. This variable s may be
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alternatively viewed as a constant s plus an apparent noisy surface
generation of pairs proportional to the local excess d-c pair density.
Because noisy generations at distant surface elements are uncorrelated,
one may introduce a phenomenological spectral density ¢ (f) defined by

dg® = (p—p,)2 ¥ (f) df, (1

where '@/df is the spectral density of the pair generation rate per
unit area and (p —p,) is the excess d-c pair density. Equation (1)
is the noise counterpart of the well-known equation

r=(p—0p,) s

for average recombination. ¢, the counterpart of s, characterizes the
noisiness of a surface.

Disregarding the atomic-scale processes behind s, one can still use
it profitably as an empirical constant. This is the viewpoint adopted
here with respect to y. In so far as Equation (1) may be regarded as
a phenomenological model for surface noise, a principal portion of this
paper is devoted to showing that this model explains all observed
features of surface noise, except those concerning the value of y itself.
Any detailed model predicting Equation (1) with the correct value
for ¢ would satisfactorily explain all surface-noise measurements re-
ported here. ¢ will be found empirically to vary something like 1/f,
to differ in magnitude among different samples, and to be relatively
insensitive to p (decreases somewhat with increasing p).

Table II—Correspondences to Transform van der Ziel’s
White-Noise Representation into that of Figure 8(b).

van der Ziel Figure 8(b)
(1—a)l, I+ 1., 4 2I.,
al, I.—1I.,
Ico Ic:
R, Yo’
R, R
1
Te Tore
(1—e)
1
@ O
Te

R, Ry



244 TRANSISTORS 1

As a preliminary to surface noise, consider a low-frequency point
source of pairs of small-signal strength dg at some position 7 in the
device base. It is shown in Appendix I that the generators which must
be appended to the schematics to represent such a source are those
shown in Figures 1(c), 2(c), and 8(c). All generators in each of these
schematics are perfectly correlated. The di,., generators result from
dg pairs dissociating at the emitter. w, is the probability that dg pairs
reach the emitter. The di, . generators result from dg pairs dissociating
at the collector. The m term of dv,, results from direct base conduc-
tivity modulation by dg pairs. The 2R,,./oI, term results indirectly
from base conductivity modulation; it is explained in Appendix I.

These perfectly correlated generators represent a point source of
pairs. To obtain the generators representing surface noise, one must
combine the many uncorrelated generators arising from the many
uncorrelated sources described by Equation (1). For example, the
summed di,, generator has the spectrum

S i, =3 w2 dg? = ¢ ¢ () df f daw? (p—py)?
A

where A is the recombination surface where p departs from p,. Be-
cause m, w,, and w, depend on 7, the summed generators are imper-
fectly correlated. Because of the (p —p,)? factors, the strengths of

all generators increase rapidly with emitter current. ¥ characterizes
all generators.

3. 1/f Leakage Noise. When reverse biases are applied to junec-
tions, they sometimes pass appreciable leakage currents in excess of
their saturation currents. A somewhat erratic 1/f noise (leakage
noise) appears concurrently and increases rapidly with d-c leakage.
No detailed model for leakage is available at present.

It is shown in Appendix I that the generators which must be
appended to the schematics to represent such a leakage-noise source
are those shown in Figures 2(d) and 3(d). The two generators in
the triode schematic are perfectly correlated. The di,, generators
portray the noisy flow across the collector junction. G, L (f) is the
empirical equivalent noise conductance characterizing this flow. Go”
varies something like 1/f and increases rapidly with d-c leakage. The
dv,, generator, analogous to the similar surface-noise generator, results
indirectly from base conductivity modulation.

A satisfactory experimental proof of the complete noise representa-
tion above would consist, in the writer’s opinion, of the following steps:
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1. Verify that the representation accounts for the observed noise
at all operating points.

2. Find a sequence of operating points such that each generator
separately has an opportunity to dominate the observed noise.

3. At each position of dominance somehow verify the predicted
location of the generator in the schematic.

This ambitious program is only partly accomplished, as follows:

1. White Noise. This noise is viewed principally as an annoying
background. On those occasions when it dominates the observed noise,
its total magnitude is checked. No attempt is made to determine the
locations of individual generators.

2. 1/f Surface Notse. This noise should be large when the excess
pair density is large, and hence should be much larger in the forward
than in the reverse diode. In fact, surface noise has yet to be detected
with certainty in the reverse diode. The surface-noise generators

dige = q{wetw)dg
d"bb ‘ dice dice = g W dg
u-be Im dng dvpy! —Ib _Dh.q(wawcwﬁdq

Fig. 4—Alternative representation for triode surface noise.

shown in Figure 1(c) account for the 1/f noise observed in forward
diodes at all operating currents. While the di,, and dv,, generators
should dominate the noise at low and high currents respectively, there
is no way to choose between these generators experimentally. Never-
theless, the forward-diode measurements provide excellent evidence
that surface noise is excited by pair injection and do prove the existence
of a generator in at least one of the two positions cited.

The double-ended triode affords better opportunity for locating
generators. The di,., generator may be rewritten as two generators—
one in the b’e position, which may then be absorbed into the di,,
generator already there, and one in the ce position—as shown in
Figure 4. The resulting di, generator should contribute negligibly
to the observed noise except at extremely low emitter currents and has
yet to be detected with certainty. At low and moderate currents, the
composite di,, generator should dominate the noise. This is verified
by the observed ratio of input to output surface noise. At high cur-
rents, the input noise in the common-emitter connection should be
importantly modified by the dv,,. generator. This is verified indirectly.
The output noise continues to behave as predicted by di,.,. The input
noise does not. This difference must be attributed to an additional
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dvy,- generator, the one generator which would concurrently contribute
negligibly to output noise. Since the input noise behaves in detail as
predicted, both the detailed behavior of dv,, and the oneness of y for
both di,., and dv,,. are verified.

These results can be extended to the forward diode as follows: The
alloy-junction triode is often constructed with a small emitter and a
large collector. One can invert such a unit and use the large junction
as the emitter and the small junction as the collector. In this condition,
the d-c pair density near recombination surfaces hardly changes if the
collector voltage is removed. Thus one can locate, as described above,
the two surface-noise generators in the inverted triode. If the collector
circuit is then opened, the surface noise across the resulting forward
diode should be practically identical with that previously observed at
the input of the common-emitter triode. This is observed, and one
surely infers that the two generators located in the triode are also
present in the forward diode. Moreover, this establishes the oneness
of ¢ for both diode and triode. The model of course presumes no
relation between ¢ and the collector voltage.

The generators representing surface noise were derived from a
point-source representation. These generators are therefore qualita-
tively common to all models which can ultimately be decomposed into
noisy point sources of pairs. Such models for which the spectral
intensities of the sources are proportional to (p—p,)? also predict
the same dependence of noise on current. Generators representing such
alternative models differ, however, in quantitative details. The observed
oneness of ¢ for the normal and inverted triodes (where the d-¢ pair
density distributions are very different) significantly supports the
surface-noise model. Two other formally possible source distributions
are shown to be deficient in this respect. North originally proposed
the surface-noise model only on the basis of its theoretical plausibility
plus the empirical fact that triode 1/f noise often increases rapidly
with current. The experimental establishment of the generator ar-
rangement and of the oneness of ¢ for different d-c¢ pair density dis-
tributions came later.

In the detailed studies, the m term of the dv,,  generators has been
neglected. The computation of this term ds tedious, and the final
expressions involve constants which are only approximately known.
The oR,;./2I, term can be derived empirically from »,,. measurements.
If one neglects the m term, such derived values go far toward explain-
ing individual differences in the dv,,. generators for different units,
thereby adding credibility to the theory. This result obtains because
the error in neglecting m is modest.
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3. 1/f Leakage Noise. The large 1/f noise observed in leaky
reverse diodes may surely be represented by a generator across the
collector junction, that is, by a di,. generator.

In the triode connection, this di,., generator should dominate the
noise at low and moderate emitter currents. This is verified by the
observed ratio of input to output leakage noise. The observed magni-
tude of the triode noise is consistent with that expected from reverse-
diode determinations of G, (f). The model presumes no relation
between G, and the emitter current. At high currents, the input noise
in the common-emitter connection should be importantly modified by
the dvy,, generator. Our measurements proved to be indecisive for
establishing this. Detection of a leakage-noise dv,, generator meets
the complication that surface noise is large at high currents.

The importances of these sources for present-day junction triodes
are as follows: The white noise establishes a minimum noise factor
of a few decibels. At 1 kilocycle and at commonly used collector voltages
(V, = 5 volts), leakage noise should be small compared to the white
noise for nearly all units. This situation no longer obtains at V,~ 20
volts. At 1 kilocycle and at commonly used emitter currents (I, ~ 1
milliampere), surface noise spreads the observed noise factors over a
range of approximately 15 decibels just above the white-noise level.
For low-noise applications at subaudio frequencies, units with small
Ge,” and ¢ should be chosen and should be operated at moderate collec-
tor voltages and low emitter currents.

The measurements reported here utilized potted p-n-p alloy-junction
germanium transistors with the geometry shown in Figure 25(a) and
with the typical characteristics listed in Table I. Noise studies were
made with the units connected successively as forward diodes, reverse
diodes, normal triodes, and inverted triodes.

II. FOoRWARD-BIASED DIODES

When operated as a forward diode, the emitter and collector elec-
trodes of the sample were tied together. The tied electrodes will be
referred to as the emitter, the n-type region as the base, and the whole
unit as a double diode. The circuit used for measuring noise in the
diode is shown in Figure 5. The observed noise is characterized here
by the equivalent noise resistance R,

The expected contribution of the white noise to R, from Figure
1(b), is
1 (U, + 21,,)
RV i=—— ..+ Ry. (2)
2 (I, +1L,)
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The generators required to represent a point source of pairs in the
base, the basis for the surface-noise representation, have been shown
in Figure 1(c). Contributions from the many uncorrelated sources
described by Equation (1) have been summed in Appendix I. The
spectrum of the summed di,., generator is®

Ib2 (R02 - ch + RcL)

S dy = — v (f) df. (3)
752 (R2—R, + 4R,L)*

Since I, 9R,,;./2I, is independent of the position of generation, neglect
of the m term makes the summed dv,, and di,, generators perfectly

correlated. In this approximation, the surface-noise contribution to
R, is

Pl
2

lorge
R
DIODE % R,

eq

NOISE

AMPLIFIER FILTER METER

IH—

Fig. 5—Circuit used for measuring noise in the forward diode. By judicious
use of switch S, the diode open-circuited noise voltage can be compared with
that of the resistor R.. The amplifier consisted of battery-powered, RC-
coupled 6AG5 pentodes. Three different RC filters were used, covering broad
frequency ranges around 100, 1,000, and 6,000 cycles, respectively. These
filters do not suffice to determine frequency spectra in detail, but readily
distinguish between white and 1/f noise. The noise meter was a Hewlett-
Packard Model 400-C voltmeter.

1 AR,y \2
R, 5= Tyee + 1 (D diy,2), (3a)
AkTdf I,

1 kT 1 al, ©°R, > (R2Z—Rz2+R.L)

o
4rs? ¢ L (1+1,/1,) kT o, | (RZ—Rp2+4R.L)®

v(f).

ryy and R,y , the a-c and d-c base-lead resistances respectively, are
related by

ORyy
Ty = Bypr + I ol (4)
b

Figure 6 shows measured values of 7, versus I, for six double diodes.

® For the forward diode, I» and I. are identical. In particular situations,
diode quantities will be identified by names appropriate to the corresponding
triode quantities.
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Derived values of R,,. and (¢I,/kT) (I oR,,./21,), obtained by numer-
ical integration of Equation (4), are also shown. I,dR;;./9, varies
only slightly with current in the region of interest and ranges from —20
to —80 ohms for the different units. This result is made plausible in
Appendix II. In Equation (8a), the variation of R,S with current is
contained in the quantity in the square brackets. An expression for
this quantity, representative of the units studied here, is

10
:
~ #5 (<]
N #]
4
100 |- —,102 ‘.g"
&
2 P
a
5 «
z 2' U
- 10 {— —{10
a
)
4 -~
ol
1
0l o

|
10
1073 0% 1072

DIODE CURRENT IN AMPERES

Fig. 6—Measured values of 7. and derived values of R and
(gls/kT) (Iv) (ORuww/2Iy) for six forward double diodes.

1 1, 2
— . (3b)
1+2x10-5/I, 5x10-3

Expression (38b), together with its component terms, is plotted in
Figure 7. The first term, from di,.,, dominates the noise at low cur-
rents; the second, from dv,, , dominates at high currents. The prin-
cipal features of the total noise are a rapid rise at low currents, a broad
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maximum, a steep minimum where the di,, and dv;, generators inter-
fere destructively, and a final rapid rise at high currents.®

Figure 8 shows observed R,,’s versus I, for two double diodes.
Measurements at 100, 1,000, and 6,000 cycles are shown by circles,
triangles, and squares respectively. The expected contributions from
white noise, from Equation (2), are shown by solid curves. The excess
noise, the observed noise minus expected white noise, is shown by
dotted curves at each frequency. The excess noise varies something
like 1/f and exhibits the dependence on current expected for surface

I I I

- & /
—jov o/
[ a /
[y - —

2
NOISE FROM dvbb' ALONE
/

| | A

108 108 1074 03 102

DIODE CURRENT IN AMPERES

Fig. 7—Expected current dependence of surface-noise contribution to
forward-double-diode equivalent noise resistance.

noise. When the 1/f noise is small, the white noise checks the theory
very well.

From the measured saturation currents and the data of Figure 6,
individual predictions of Equation (3a) were computed for the indi-
vidual units. These are shown by dot-dash curves in Figure 8 with
¥ (f) adjusted, in each instance, to match the observed excess noise at
100 cycles. The observed and predicted locations of the interference
minima near 10—3 ampere agree well. Indeed, considering the neglect
of the m term and various other idealizations underlying Equation
(3a) (see Appendix I), the observed and predicted dependences of
R.'/f on current agree as well as could reasonably be expected. Similar

8 If the m term were included in the theory, the correlation between
the dise and dvsyr generators would drop from —1 to =~ —0.9. The minimum
in the total noise would then extend only to a level about one order of
magnitude below the saturation level of noise due to di,» alone. The total
noise at currents well above the minimum would increase by a factor of
approximately 2.
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results were obtained with other units. Investigation of the 1/f noise
is understandably more difficult when ¢ is small.

Z diy? and RS, see Equations (3) and (8a), are proportional
to the ratio ¢(f) /s2. This is a direct consequence of the model. If s
is raised without changes in I, and ¢, (» — p,) and the noisy genera-

T
|
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Fig. 8—Observed equivalent noise resistances of two forward double diodes.
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tion described by Equation (1) become smaller. s and the geometrical
factors entering Equations (8) and (8a) did not vary much among
the units studied here.

The complicated dependence of forward-diode 1/f noise on current
has been plausibly explained by the two well-correlated generators of
North’s surface-noise model. In the triode connection, where nature
kindly permits a noise measurement at the midpoint b’ between these
two generators, one is able to verify the existence and predicted prop-
erties (see Figure 7) of both generators separately.

I11I. REVERSE-BIASED DIODES

For the reverse-diode connection, the units were connected some-
times as single, sometimes as double diodes. The observed noise is
characterized here by the equivalent noise conductance G

The expected contribution of the white noise to G, from Figure
2(b), is

1 q
G T = —=—= .. (5)
2 kT

The contribution of the 1/f leakage noise is taken, completely phe-
nomenologically, as G2 ().

Figure 9 shows observed 1-kilocycle values of G, versus collector
voltage for six units. The data is shown by solid curves where the
white-noise level [Equation (5)] was realized, by dotted curves where
it was exceeded. The excess noise varied something like 1/f and was
somewhat erratic (pops, bursts, ete.), though these considerations are
not demonstrated in the figure. :

The 1-kilocycle noise data of Figure 9 is replotted in Figure 10 in
the form of excess noise, i.e., leakage noise, versus excess current, i.e.,
d-c leakage in excess of the saturation current. The empirical relation-
ship

G L (f) =4 X 1013 1,2/f, (6)

where Iy, is expressed in amperes and f in cycles, characterizes all data
within plus or minus one order of magnitude, irrespective of the
operating voltage, dot diameter, or particular unit. Leakage current
and noise are not simple functions of reverse voltage, but depend in
a complicated way upon the reverse-bias history preceding measure-
ment. They also increase with temperature. Equation (6) applies
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approximately, however, irrespective of the temperature or of the unit
history preceding measurement.

In most triode applications, leakage noise is comparable to the white
noise when G,,” ~ 10—3 mho. In order to obtain triodes with negligible
1-kilocycle leakage noise, d-c Jeakage must be held, according to Equa-
tion (6), to a few tenths of a microampere.

The mechanism of leakage in commercial p-n-p alloy-junction
transistors is unknown. Leakage surely occurs at the perimeter of the
junction, as it is so sensitive to surface treatments. It is not thought
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Fig. 9—Observed equivalent noise conductances of six reverse diodes.

to be associated with large-area channels such as have been studied by
Brown,” McWhorter and Kingston? and others in connection with
grown junctions. While observed hysteresis effects are reminiscent of
what Brown has called “conditioning” a channel, there is no extra

TW. L. Brown, “n-Type Surface Conductivity on p-Type Germanium,”
Phys. Rev., Vol. 91, p. 518, August, 1953.

8 A. L. McWhorter and R. L. Kingston, “Channels and Excess Reverse
Current in Grown Germanium p-n Junetion Diodes,” Proc. I.R.E., Vol. 42,
p. 1376, September, 1954.
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junction capacitance associated with large leakage in the present case.
The junction small-signal capacitance remains a single-valued V—%
function of reverse bias, as expected from Schottky’s theory,” even
though leakage hysteresis may be exploited to alier leakage currents
at given voltages by tens of microamperes or hundreds of percents.
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Fig. 10—Excess equivalent noise conductances of six reverse diodes.

IV. TRIODES
A. General

The common-emitter circuit used for measuring noise at the triode
output and input is shown in Figure 11. The load impedance E; and
source impedance Rg; were 5,000 and 475 ohms respectively for all
measurements. The observed output noise is characterized here by the
conventional noise factor Fyyr. The observed input noise is character-
ized either by the equivalent noise resistance R,, of the input con-
sidered as a two-terminal device or by an input noise factor Fy. In

9 W. Schottky, “Vereinfachte und erweiterte Theorie der Randschicht-
gleichrichter,” Zeits. f. Phys., Vol. 118, p. 539, 1941-1942.
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analogy with Fopp, Fry is defined as the ratio of the total noise power
per unit bandwidth available at the input terminals to that portion of
this power due to thermal noise in the source resistance Rg. Fiy is a
convenient quantity experimentally; R,, is convenient for bringing
out the correspondence between the triode input and the forward diode.
For the simplified triode of Figure 8(a) in the common-emitter con-
nection, R,, and Fy are related by

Fin—1=AFy=Rg R/ (ryp + 7pe) %

In the common-emitter connection, the expected contributions of
the white noise to Foyr and Fry, from Figure 3(b), are

Sy s

‘ : &
LARGE = e
c LARGE LARGE C |AMPLFIER,
R RL FILTER,
TRIODE AND
® NOISE METER
T+ +

CALIBRATED L
NOISE CURRFANT
GENERATOR

Fig. 11-—Common-emitter circuit used for measuring noise at the triode

input and output. The calibrated noise current generator is in parallel with

the noise current generator, not shown here, which represents thermal noise

in the source resistance Es. The input and output noise factors are deter-
mined by use of the two switches.

Ry q Topr | %
Foyr"¥ =1+ + Rgl 1+

Rg 2T R,
(Ic_Ics) 1 =
(Ib+1(‘s+2les) +—+ 1 + Ics ’ (7)
(9mP)? gmke
Eg Ry q %
F"H=1+ = + (Iy+2I,,+21,) |-
(Atrpy/Tye)® | (1ye)?  2kT

FVH was never large enough compared to the background amplifier
noise to verify accurately, but it was formally subtracted from the total
input noise when 1/f noise was under study.

The generators required to represent a point source of pairs in the
base, the basis for the surface-noise representation, have been shown
in Figure 4. Contributions from the many uncorrelated sources de-
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scribed by Equation (1) have been summed in Appendix I. The spec-
trum of the summed composite di,., generator islt

(Ib+Ics+IL)2 ('ch—Re2+RcL)
2 diyeg® = -y () df,
782 (R2—R24+4R,L)2 Inverted(s)
?
UL 1 —11)2 f WN\? (R2—R24+R,L) Triode
T D R J
(I+letI)? 1 )
> diy? = ¥ (f) df,
8 82 RW Normal
- (8a)
(Ic'_'Ics_Iec_IL) AW \3 Triode
=2 A — 1 ¥ df.
w2D? Vi J

The alternative forms arise as follows: Zm is proportional to
¢ (f) df, to the square of the excess d-c pair density Do just inside the
emitter, and to the geometrical extent of this pair density distribution
— an area something like wR.? for the inverted triode, 2rR,W for the
normal triode. In shifting to directly observed quantities, one may
express po in terms of either base current (I, « spy) or collector cur-
rent (I, « D po/W). The former is useful for bringing out the cor-
respondence between the triode and forward diode. See Equation (38).
The latter is useful too since the triode operating point is usually
specified by I rather than 7,.

It is demonstrated in Appendix I that the summed di,, generator
may be neglected here. The m term of dv,, will again be neglected,
with consequences similar to those discussed in Section II for the
forward diode. In this approximation, in the common-emitter connec-
tion the surface-noise contributions to Foyyp and Fiy are

: Rg Typr \ 2 I, ORy, 12 I
AFoun® = i 1-—- (2 diy?),

4]CTdf RG (RG“I‘Tbb:) alb
(8b)
R, 1 I, °R,,. 7= -
AF S = — 1+ :, (D diy2).
4kTdf (A+7yy/7y) 2 Tye Ol

10 For the inverted triode, emitter and collector notations refer to those
electrodes actually used as emitters and collectors——the functional electrodes.
There ave two exceptions: E. and R. continue to mean the radii of the large
and small dots respectively
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Both formulas apply formally, as do the schematics of Figures 3 and 4,
to both the inverted and normal triodes.

The relative contributions of dv,, and di,, to Foyp and to Fiy are
contrasted by the 2R,, /oI, and unity terms respectively in the square
brackets of Equations (8b). The quantity I, 9R,;./2I, for the inverted
triode is practically identical with the corresponding quantity for the
forward double diode and hence has a value of about —50 ohms in the
region of interest for the units studied here. The same quantity for
the normal triode, while formally different analytically (see Appendix
II), should have, and indeed proved experimentally to have, a com-
parable value. (Rg + 74;) was always much larger than 50 ohms here,
so the contribution of dv,, to Foyp was negligible. On the other hand,
T4 WaS sometimes as small as 10 ohms here, in which case du,, should
dominate AF 8. For 7, =~ 50 ohms, di,., and dv,, interfere strongly
at the input, and AF\§ should experience a steep minimum analogous
to that discussed in the forward diode section.!!

The generators required to represent leakage noise have been shown
in Figure 3(d). In the common-emitter connection, the leakage noise
contributions to Foyp and Fyy are

Top \ 2 1 Iy Ry, ] 2
AFOUTL—'=<1‘|'—> [:1+——_ :l Eg Gl (),
RG ng (RG+7‘I)I)’) aIb

1 I, ORg, ]2
AFmL=b[1+—— ] Rg Goo" (f).
(14740 /Tp6) 2 Tye Ol

Other than Z diy.*/4kTdf being replaced by G,,%, the formulas differ
from those characterizing surface noise [Equations (8b)] only by the
additional 1/¢,,R term in the bracket of AF,ypl. An extra term arises
because the di,., leakage-noise generator makes two contributions to
Foyr: one, its direct contribution at ¢; the cther, its contribution at b’
which is amplified and fed to the output through the g,, generator.
The composite di,., surface-noise generator makes only the latter type
of contribution. When the triode gain is high, g,,R » 1. The contribu-
tion of the dv,, leakage-noise generator to Fopr was negligible here.
The contribution of dv,,. to Fy should be important only at high cur-
rents. AF iy~ too should experience a steep minimum when r,, ~ 50
ohms.

The contributions to common-emitter Foyr and Fyx and the ratios

1In so far as dvsy does contribute to Four, it always increases the
output noise. dvs and dipr. are located so as te interfere destructively at b,
but constructively at b’. See Figure 4 and recall that 0Rss/2l, is negative,
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AF 1 /AF oy appropriate to surface and leakage noise respectively are
listed in Table III, where the contributions of the dv,,. generators to
Fouyr have been neglected. Contributions to common-emitter Fqoyr and
Fix and ratios AF/AFgyp appropriate to single generators with
arbitrary spectra in the b’e, ce, b’c, and bb’ positions respectively are
also listed. Subsequent studies to determine the locations of triode
noise sources will use the AF | /AF gpyr ratios of Table IIT extensively.
The noise factors involve 7., 71y, [,6Ryy /21, and g, E. 7, was com-
puted from the formula listed in Figure 3(a); 7y was obtained by a
bridge measurement;!? I,0R,,. /oI, was obtained by numerical integra-
tion of Equation (4); and g,,R was computed from the observed triode
voltage gain.

B. Ezxamples of Surface Noise

The measurements reported in this section were obtained with units
with negligible leakage noise.

Observed common-emitter Fgyy's versus current are shown for two
normal triodes in Figure 12 and for two inverted triodes in Figure 13.
Measurements at 100, 1,000, and 6,000 cycles are shown by circles,
triangles, and squares respectively. The expected contributions from
white noise, from Equation (7), are shown by solid curves. The excess
noise, the observed noise minus expected white noise, is shown by
dotted curves at each frequency. The excess noise varies something
like 1/f and exhibits the dependence on current expected for surface
noise. When the 1/f noise is small, the white noise checks the theory
fairly well.

Observed common-emitter AFy1/"’s, observed Fiy’s minus expected
white noise contributions, are shown for two normal triodes in Figure
14 and for two inverted triodes in Figure 15. Observations at 100,
1,000, and 6,000 cycles are shown by circles, triangles, and squares
respectively.

The solid curves in Figure 14 were obtained by multiplying observed
AFoyrt/’s for the appropriate units by the AFy/AF gy ratios appro-
priate to surface noise (see Table III). Considering the neglect of the
m term and various other idealizations underlying the theory (see
Appendix 1), these solid curves agree with the observed AF \'//'s as
well as could reasonably be expected.

The dotted curves in Figure 14 were obtained by multiplying the
observed 100-cycle AFgy/’s by the AFy/AF gyr ratios appropriate to
a generator in the b’c position (see Table I1I). At low currents, where

121, J. Giacoletto, “Equipments for Measuring Junction Transistor
Admittance Parameters for a Wide Range of Frequencies,” RCA Review,
Yol. X1V, p. 269, June, 1953, )
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Fig. 12—Observed output noise factors of two normal triodes.



1/f NOISE SOURCES

10
I [
UNIT # 2
INVERTED TRIODE
Vemi¥eV,achm17, 24°C
10 =
[/ 4
(=]
-
q
[y
8 10 o4
[=]
4
-
2
o
-
2
o
10 —
I |
10°% o 1073 102
TRIODE BASE CURRENT IN AMPERES
L]
10
I I s
UNIT # 3 3
INVERTED TRIODE /~—I00cA
Ve =12V, Ach™ 105, 26°C ,(/
10* |— =
10 |- =
[/ 4
(s}
-
(&}
4
L
w
]
g 2
2 - =
(-
2
o
-
2
o
0 - =
| |
1078 1074 1073 1072
TRIODE BASE CURRENT IN AMPERES

Fig. 18—Observed output noise factors of two inverted triodes.

261




262 TRANSISTORS I

1 I
¥
i UNIT # 4
NORMAL TRIODE n
- V.=lVa v, dcbw g6, 22°C ;
2 100¢/ -be
g & / s
z ~ s N
@«
O
Z
[+ 4
o
-
Q
-
[
w
o
o
4
[
=
a
z
>

[ 108 1074 ol

(Ip+I.s} IN AMPERES

l I

UNIT &5
NORMAL YRIODE
sl Ve =l V, acbwn 37, 25°C

INCREMENT
)
!

@
[}
=
(8]
<C
e |
10 |—
W
1)
5
4
-
>
a.
z
X -
o'l | l I
10 10° 104 10

Iy +Ics) IN AMPERES

Fig. 14—Observed input noise factors of two normal triodes.



1/f NOISE SOURCES

o T 7 T
/ UNIT # 3
/ INVERTED TRIODE
[ Vemlyav,@ch =105, 26°C
/
/"
/ .
|°3 - ll -
/
/
I - b'
- 00c/s ~be
Z
ul
&
@ 2 A
S 1o 7 —
= 2" =100 -t
g :
= Ikg/s —be
o
<
t™.
w U L
2 0 —
o
K4
+ ™ 6kefs-ble
5 /
&
A |- —
, , . |
107 107% [ 1072
TRIODE BASE CURRENT IN AMPERES
10* T a—
» ‘I
UNIT ™ i
INVERTED TRIODE ~ / . .
sl o /
Verlgva e24,26°C
7
® -.00C/3 /
oL & —ikess ,"' -
o —ekoss /
/ °
/ a
= &
i} 100 €78 = bbb’
i
H \/
& g / |
S F 100 c/s~be -4
@
g o
q ~-100 ¢/s -bc
W e
W
@
Q U
2 ~tke/s—b'e
ool
2
a
z
=~
eke/s—b'e
i ]
1 1
05 g4 102

Fig. 15—O0bserved input noise factors of two inverted triodes.

103
TRIODE BASE CURRENT IN AMPERES

263



264 TRANSISTORS I

surface noise is represented essentially by a dty., generator, the differ-
ences between the dotted curves and 100-cycle solid curves indicate one’s
ability to distinguish, via the AFy/AFgyp ratio, between diy. and diy.,
noise representations. These differences are small, though the observed
AF1yM"s are more in agreement with the di,, representation. At high
currents, where discrimination between di,, and di,., representations
is really poor, the departures of the 100-cycle solid curves from the
dotted curves indicate how, according to the surface-noise model, the
dvy, generator-should modify the input noise from that due to the diy,
generator alone. This modification accounts substantially for the ob-
served dips in AF /. In particular, with the aid of empirically de-
rived I,0R,,./3I,, the model predicts accurately the locations of the
interference minima. Similar results were obtained for other units.
The analysis is understandably more difficult when the 1/f noise is
small. When «,, is large, it is sometimes inconvenient to attain the
high base currents required to observe the postminimum rise in AF 8.

The solid and dotted curves in Figure 15 were obtained by multiply-
ing observed AFgy;.!//’s for the appropriate inverted triodes by the
AF/AF gyp ratios appropriate to single generators in the b%, b’c, and
bb’ positions, as indicated. [For the simplified triode of Figure 3(a),
a di,, generator produces no noise at the input in the common-emitter
connection.] The differences between these curves indicate one’s
ability to distinguish, via the AF|y/AFgur ratio, between alternative
single-generator noise representations. At low currents, the observed
AF'/7s coincide decisively with the solid (b’e) curves, verifying the
prediction of the surface-noise model.

The decision here for a di,., representation at low currents properly
encourages a similar representation for surface noise in the normal
triode, where the discrimination between di,., and di,., representations
is poorer. Comparing Figures 12 and 13 and Figures 14 and 15, we
conclude that the same noise phenomenon is being studied in both the
normal and inverted triodes.!®

13 The interference minimum in AFy® is more pronounced for the normal
triode than for the inverted triode. This is explained as follows: The
summed dvs and composite diys generators are imperfectly correlated
only because of the m term. For the forward double diode or inverted triode,
noise pairs generated well beyond R. live approximately 10 microseconds
(r =~ W/s) for the units studied here, contribute noticeably to m during this
period, and yet contribute only weakly to the di», generator (w.+ w, ¢ 1).
For the normal triode, noise pairs generated well beyond R. live approxi-
mately 1/2 microsecond (v~ W?2/D) for the units studied here, therefore
contribute less to m during this period, and yet contribute fully to the dis.
genevator (w. + w.=1). Thus the normal-triode m term is both smaller
in size and better correlated with the summed diss generator than is the
inverted-triode m term.
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In discussing inverted-triode surface noise at high currents, it is
appropriate to consider forward-double-diode noise too. For a given
unit at a given base current, the d-c pair density distribution near
recombination surfaces in the inverted triode is practically identical
with that in the forward double diode (see Appendix I). Thus the
common-emitter inverted-triode input and forward double diode should
appear practically identical with respect to both signal (input im-
pedance) and noise (white and surface, but not leakage noise).
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Fig. 16a—Comparison of excess noise observed in forward-doubie-diode
and inverted-triode connections, unit #3.

Figure 16 shows observed R, 1//’s, observed E,’'s minus expected
white-noise contributions, versus I, for two forward double diodes.
Measurements at 100, 1,000, and 6,000 cycles are shown by circles,
triangles, and squares respectively. Observed common-emitter inverted-
triode input R,,'/”s are shown by solid curves. These diode and triode
equivalent noise resistances agree within experimental error, and one
may draw the appropriate conclusions cited on page 246.

The summed di,., surface-noise generator, when converted by
Thevenin’s theorem to the corresponding noise voltage generator in
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series with ry,,, can be characterized by an equivalent noise resistance
E,>® defined by

Ty (D diy,2) = 4 kT R, df.

One can obtain R,;'¢ explicitly, according to the model, by substituting
for r,, from Figure 3(a) and for Zm from Equations (8) or
(8a). Like ZW, R, is proportional to ¢. Except at the very
lowest currents, R,,*"¢ should be independent of current. On the other
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Fig. 16b—Comparison of excess noise observed in forward-double-diode
and inverted-triode connections, unit #4.

hand, since surface noise at the triode output is due entirely to iy
(see Table III), experimental R,Y¥s can be computed from observed
AF ogp¥'s.

The dotted curves in Figure 16 show values of R,b¢ computed from
observed inverted-triode AFoypl/”’s. These R,,"®s should be practically
identical with that portion of common-emitter inverted-triode input
R, (of forward-double-diode R,,) due to the di,., surface-noise gen-
erator alone. See Figures 4 and 1(c). These dotted curves are related
to the solid curves and data points in Figure 16 approximately as
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predicted in Figure 7. This proves that forward-diode and ¢ommon-
emitter inverted-triode input noise due to diy., alone is approximately
independent of current and that the added complications in the total
1/f noise are due to a dvy,, generator with the properties predicted.
Similar results were obtained for other units. E,Y¢ often decreases
somewhat with current as shown in Figure 16b.

Figure 17 shows values of R,,»¢ computed from observed AFyyS's
for five normal triodes. Here, where the measurements extend to some-
what higher injections, the decrease of R,>¢ with current is more
pronounced. Evidently ¢ decreases somewhat with increasing pair
injection.
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Fig. 17—R.,”* computed from observed AFous® for five normal triodes.

The computation of E,*°, according to the model, was outlined
above. Provided p,s p, (which was satisfied for the measurements
here), the expected ratio of normal- to inverted-triode R,be is

R, (normal triode) m 1 (R2—R2+4RL)?
M=

R,*¢ (inverted triode) 8 RW (R2—R>2+R.L)

(9)

Since ¢ has been cancelled out, experimental verification of ¥ would
amount to substantiating the oneness of ¢ for the inverted and normal
triodes. Using the typical values listed in Table I, M should be about
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47 for the units studied here. In computing M from observed AF gy,*’s,
one can eliminate the small dependence of ¢ on injection by dividing
values of R, > observed at comparable pair densities, that is, at equal
collector currents. Figure 18 shows values of M computed thusly from
observed 100-cycle values of AFguS for five units. The predicted ratio
of approximately 47 is borne out. Individual differences in W, R,, etc.,
do not explain observed differences in M for different units. According
to the preceding figure, ¢ varies two orders of magnitude among dif-
ferent, but supposedly similar, units. Since the normal triode samples
¢ over a surface area approximately 1/50 the size of that sampled by
the inverted triode, the existing agreements in M come rather as a
pleasant surprise.
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Fig. 18—Ratios of normal- to inverted-triode R.,”° computed from observed
100-cycle values of AFour” at equal collector currents. W values, in centi-
meters, are listed for the individual units.

Collector voltage does not enter the surface-noise model directly,
and surface noise should be relatively independent of this bias. The
observed noise actually depends weakly on V, through the base
width W. Normal-triode AFguS at constant I, is proportional to
(1 + ry,./Rg)2 W3 [see Table 111 and Equation (8a)]; r,, is propor-
tional to W—1; and W decreases with increasing V., Thus

ro/Ra 1 oW
= —_—— (10)
(1 + 74/ Rg) W oV,

0AFoyr®

= AFOUTS 3 - 2
v,

From depletion-layer theory for abrupt junctions,’

oW Pn %
—=—5X10-5 | — cm/volt, (10a)
ov, Vo + Vo)
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where p, is expressed in ohm-centimeters and (V,+ V,) in volts,
for n-type germanium. Figure 19 shows one example of this weak
dependence on voltage. Observed 1-kilocycle values of Fggp versus
V. are shown for Unit #4 at I,— 3 milliamperes, where surface noise
dominates the output noise (see Figure 12). For this unit, r,,/R¢
=1.18, W =.0029 centimeter, p, ~ 8 ohm-centimeters, and Equations
(10) and (10a) predict slopes of AFggr® of —5.7 and —2.8 per cent
per volt at V., =1 and 4 volts respectively. These slopes are realized
within experimental error. Leakage noise caused the observed noise
to increase beyond V, =~ 8 volts.
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Fig. 19—Observed output noise factor versus collector voltage.

C. Exzample of Mized Noise

The analysis of inverted-triode unit #5, which exhibits both large
surface and large leakage noise, is presented in Figure 20.

Figure 20(a), analogous to Figure 13, shows observed common-
emitter Foyy's versus current. The excess noise, shown by dotted
curves, varies something like 1/f, is relatively independent of I, at
low currents, but increases rapidly at high currents.

G.,”(f) for this unit was obtained from reverse-diode studies. of
the functional collector. Expected leakage-noise contributions to com-
mon-emitter Fogr and Fy were then computed using Table III. These
computed values accounted for the excess triode noise observed at low
currents. This is shown for the output noise in Figure 20(b). The
AFoppl/7’s of Figure 20(a) are shown by data points, the AFggrl’s
predicted from reverse-dicde measurements by solid curves, and the
residual noise, the excess noise minus expected leakage noise, by dotted
curves. The residual noise varies something like 1/f and exhibits the
dependence on current expected for surface noise.

Figure 20 (c), analogous to the Figure 15, shows that leakage noise,
as expected, is represented accurately by a di,., generator at low emitter
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currents. Common-emitter AFy1//’s observed at 100, 1,000, and 6,000
cycles are shown by circles, triangles, and squares respectively. The
solid and dotted curves were obtained by multiplying the AFogr!/’’s
of Figure 20(a) by AFyy/AF gy ratios appropriate to single generators
in the locations indicated. The observed AFy1/’s, dominated at low
currents by leakage noise, coincide at low currents with the solid (b’¢)
curves. Similar results were obtained for other units.

Figure 20(d), analogous to Figure 16, shows that the residual
noise, as expected, is surface noise. Observed forward-double-diode
R,.1/"'s, observed common-emitter inverted-triode input R,,1/"s (resid-
ual 1/f noise only), and observed inverted-triode R,,»”s [computed
from the residual AFygpl/”s of Figure 20(b)] are shown by data
points, solid curves, and dotted curves respectively. The statements
concerning Figure 16 apply here word for word.

Triode leakage noise increases strongly with collector voltage, is
somewhat erratic, and exhibits hysteresis effects. It is preferable to
study these effects in the reverse-diode connection, where surface noise
is small.

D. Temperature Depen