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The effects of diffusion of electrons through a thin p-type layer of germanium have been studied in speci-
mens consisting of two n-type regions with the p-type region interposed. It is found that potentials applied
to one n-type region are transmitted by diffusing electrons through the p-type layer although the latter is
grounded through an ohmic contact. When one of the p-n junctions is biased to saturation, power gain can
be obtained through the device. Used as “n-p-n transistors” these units will operate on currents as low as 10
microamperes and voltages as low as 0.1 volt, have power gains of 50 db, and noise figures of about 10 db
at 1000 cps. Their current-voltage characteristics are in good agreement with the diffusion theory.

I. INTRODUCTION

N this article we shall consider the phenomena which
occur when voltages are applied to a semiconductor
consisting of several regions of different conductivity
types. Structures of this sort, consisting in particular
of two regions of one conductivity type separated by
another region of the opposite type, are of great prac-
tical interest in transistor electronics. Such structures
can also be used to exhibit the behavior of hole and
electron diffusion in rather impressive ways. In par-
ticular, the phenomenon of ‘“‘internal contact poten-
tials” can be strikingly demonstrated with such
structures.

Transistors in which the nonlinear effects originate
within the germanium as a result of the relationships of
p-type and n-type regions are called “p-n junction
transistors” to distinguish them from point-contact
types, in which the metal semiconductor contact often
plays an essential role. There are a number of possible
p-n junction transistor structures: The p-n-p transistor
has been discussed previously from a theoretical view-
point.>2 In this article we shall consider chiefly the #-p-n
transistor,® the n-type phototransistor with a p-» hook
collector and a p-n-p-n transistor with p-type emitter
and p-n hook collector.

In the following sections we shall describe first in
simple terms the basic phenomena and effects with
which we are concerned. We shall next describe the
actual physical structure of several of the n-p-n transis-
tors and their electrical characteristics. The theoretical
principles will then be put in quantitative form and the
current-voltage relationships derived for certain- par-
ticular models. Finally a direct comparison between
theory and experiment will be presented.

II. THE n-p-n STRUCTURE AS A TRANSISTOR
AND AS A “HOOK MULTIPLIER”

In Fig. 1 we represent an n-p-n structure and indicate
how it may be used as a transistor. Like the type-A

1 W. Shockley, Bell System Tech. J. 28, 435489 (1949).

2 W. Shockley, Electrons and Holes in Semiconductors (D. van
Nostrand Company, Inc., New York, 1950).

3R. L. Wallace and W. J. Pietenpol, Bell System Tech. J. July,
1951. (This article, to which we shall refer a number of times, deals
with a number of practical features which we do not consider here.)
It is also scheduled for the Proc. Inst. Radio Engrs. July, 1951.

transistor, the current paths between emitter terminal
and base and between collector terminal and base have
rectifying junctions. Unlike the type-A transistor, how-
ever, the rectification arises in the interior of the ger-
manium and not at the contacts between metal leads
and the germanium; which are substantially ohmic.
There are other important differences between the
n-p-n and the type-A: In the n-p-n the flow of injected
carriers takes place chiefly by diffusion rather than by
drift in an electric field; the current multiplication at
the collector, which makes possible the positive feed-
back instability of the type-A transistor, is lacking in
the n-p-n transistor.

In this section we shall give a brief resumé of the
theory of the operation of the transistor. Additional
details will be found in the cited references. In Secs. V,
et seq., some aspects of the theory will be treated an-
alytically. The analysis is simplified by the use of the
following assumptions:*

(1) The donors and acceptors are fully ionized (this is a good
assumption for germanium at room temperature).

(2) The density of minority carriers is much smaller than the
density of majority carriers in each region.

(3) The net rate of recombination in any region is linear in the
deviation of the minority carrier density from its thermal equi-
librium value. (Assumptions (2) and (3) permit us to use linear
equations in dealing with the currents arising from carrier in-
jection.)

(4) Space charge is negligible except at the space-charge regions
in the p-n junctions themselves.

In Fig. 1 we show the energy band diagram for the
structure under consideration for zero bias and for
biases applied in such a way that the unit becomes an
amplifying transistor. Under the latter condition the
junction J, on the right of the figure is biased in the
reverse direction. This direction is such that electrons
in the n-type collector region have low potential energy
and cannot climb the potential energy hill to the base
region ; similarly holes are held in the base region. Elec-
trons in the emitter region, however, may climb the
small potential hill into the base region and once in
this region may diffuse so that some of them will arrive
at the right-hand junction. The flow over the hill
depends on the height of the hill and this height may

4 These assumptions are discussed further in references 1 and 2.
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F16. 1. The n-p-n structure and the energy level scheme. (a) and
(b) Thermal equilibrium. (c) and (d) Biased as an amplifier.

be varied by applying a variable potential to the emitter
while maintaining the base at constant potential. If the
base region is very thin, few of the electrons will re-
combine with holes in it and, as a result, efficient trans-
mission of electron current through the layer will occur.
Furthermore, if the emitter region is more highly con-
ducting than the base region, there will be many more
electrons available to climb the hill than there are holes
to climb the corresponding hill in the opposite direction.
As a result, most of the current across the left junction
will consist of electrons. Under these conditions the
behavior of this device is closely analogous to that of a
vacuum tube: the emitter region corresponds to the
cathode, the base to the region around the grid wires,
and the collector region corresponds to the plate. In
favorably designed units the controlled electron current
flowing through the base region may be very much
larger than the current furnished the base region for
control purposes so that the transistor has a current
amplification factor that is very high. It may, therefore,
be operated like a grounded cathode triode with the
emitter region grounded and the signal applied to the
base. In Sec. IV some current-voltage characteristics
for transistors are shown and for them it may be seen
that the current transmission is nearly perfect.

It is interesting to note that both for the vacuum
tube and for the transistor, control is accomplished by
the interaction of two forms of electron flow. In the
vacuum tube, metallic flow in the grid wire controls the
flow of thermionic electrons in the space between grid
wires. In the transistor, hole flow in the base changes
the base-emitter voltage and controls electron flow
through the base layer.

The structure shown in Fig. 1 with the same operating
biases may be used as a collector with high multiplica-
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tion in a transistor.’ It may also be used as a photo-
transistor.® We shall consider the application as a col-
lector in a transistor later and shall describe here how
multiplication of photocurrents can occur. For this
purpose there need be no electrode connected to the
base layer. If light shines on the germanium near the
junctions, then the hole electron pairs generated will
be separated by the field of the junctions and conse-
quently a current of holes will flow into the base layer.
These holes will accumulate in the layer and will
charge it positively and thus reduce its potential
energy for electrons. As a result more electrons will be
able to climb the hill and flow to the collector. The
effect of the added holes will die away after the light is
removed due to the diffusion of holes into the left region
where they combine with electrons and also due to re-
combination with electrons which diffuse into the base
layer. If the layer is very thin, however, and the density
of electrons in the left region is very high, then a very
large number of electrons will be able to climb over the
hill for each hole that is able to enter the emitter region
and recombine. In Sec. VII we shall show that the cur-
rent amplification obtained in this way is proportional
to the ratio of the conductivities of the two layers and
is inversely proportional to the thickness of the base
layer.

An interesting consequence of the diffusion of elec-
trons through the base layer is the occurrence of ““in-
ternal contact potentials.”” In order to illustrate these
we shall suppose that the base layer is grounded and
that a potential is applied to the emitter. If an addi-
tional ohmic contact is also made to the base region,
it will of course show ground potential. If the contact
is rectifying, however, and in particular if it carries
most of its current in the form of electrons, its potential
will be determined by the electron density in the base
layer rather than by the potential established by the
grounding contact. The n-region on the right represents
such a contact. It is found both theoretically and experi-
mentally that if the base layer is grounded, then poten-
tials applied to the region on the left are transmitted
through the base layer, although its electrostatic po-
tential is practically unaltered, and exhibit themselves
in the region to the right, which tends to “float” (when
no current is drawn from it) at a potential approxi-
mately equal to that of the left region—at least over a
certain range of voltages. Theory and experiment
related to this phenomenon are given in Secs. VII
and VIII.

III. DESCRIPTION OF EXPERIMENTAL UNITS

The experimental units were made of a piece of single
crystal germanium in which a thin p-type layer is

5 W. Shockley, Phys. Rev. 78, 294 (1950).
6J. N. Shive who has developed the phototransistor [Phys.
Rev. 76, 575 (1949)] has proposed this use of the p-n hook.
7These were first discussed in reference 1. Internal contact
potentials for point contacts have been measured by G. L. Pearson
a(mds (z)t)ri_jalyzed by J. Bardeen [Bell System Tech. J. 29, 469495
19, N
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interposed between two n-type sections. Units of a
variety of conductivity values have been prepared.
Typical values for an n-p-n structure as shown in Fig. 1
are: emitter, 100 (ohm-cm)™; base, 1 (ohm-cm)™!;
and collector, 0.1 (ohm-cm)~!. Typical values of life-
time of the minority carrier in the collector section are
300-400 microseconds. The experimental evidence is
that lifetimes in the other sections, in which direct
measurement of lifetimes is more difficult, do not differ
greatly from this. The leads to the three sections are
mechanically strong and ohmic in character. The struc-
ture thus operates through conditions arising within
the interior of the single crystal and not because of
phenomena arising at the contacts between the leads
and the germanium.

IV. PERFORMANCE CHARACTERISTICS

The performance characteristics of #-p-n transistors
will be considered briefly.® Since these devices operate
uniformly over the surfaces of p-n junctions they may
be greatly altered as to the size of the active area, in
contrast to point-contact devices. Thus it is possible to
increase power output without corresponding increases
in current density. One of the larger #-p-» transistors®
studied as an amplifier had a junction area of 0.3 sq
cm, a base layer thickness of about 0.07 cm, and de-
livered 2.0 watts of undistorted output in class A
operation. Its frequency cutoff was about 10,000 cps,
this limit being in general agreement with the effect of
diffusion through the p-layer as discussed in Sec. IX.

The low power potentialities of these structures have
been more thoroughly investigated. A junction area of
about 0.01 sq cm and a base layer thickness of about
1.5X107% cm are typical dimensions for these units.
They have operated with gains of 50 db and noise
figures of about 10 db to 15 db at 1000 cycles per second.
Each of these quantities is an improvement of several
orders of magnitude over point-contact transistors.
For low signal levels they give essentially full gain with
collector voltages higher than 0.1 volt and are, therefore,
exceptionally good very low power amplifiers. At some
sacrifice in gain they may be operated at efficiencies of
48 to 49 percent out of a theoretical maximum of 50
percent for class A. An oscillator has been constructed
by R. L. Wallace, Jr., and D. E. Thomas of this labora-
tory which operates on 0.6-microwatt input. The same
small transistors will also operate as amplifiers with
maximum output powers of several hundred milliwatts.
A set of operating curves is given in Fig. 2. The fre-
quency cutoff of these units in high gain circuits is
determined chiefly by the capacitance of the collector
junction and is much lower than the limit set by diffu-
sion through the base layer. A discussion of the capaci-

8 An extensive presentation of circuit properties is given in
reference 3.

9 The performance of this transistor was discussed at the June,
1950, Inst. Radio Engrs. Conference on Electron Devices at the

University of Michigan and also at the July, 1950, Conference on
Semiconductors at Reading.
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tative effect will be found in the article by Wallace and
Pietenpol.

V. THEORETICAL PRINCIPLES AND BOUNDARY
CONDITIONS

In this and following sections we shall give analytic
form to the ideas discussed in Sec. II. The principal
symbols used in dealing with the theory are shown in
the accompanying table of notation. In this section and
the next we shall deal with the n-p-n structure in
general terms and for this reason shall use subscripts
“l” and “‘r” standing for “left” and “right” for the two
n-type regions. This permits us to consider impartially
cases in which either region may be biased as a collector
or as an emitter.
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We shall first discuss the boundary conditions at the
junctions when potentials are applied across them.!
The electrostatic potential y in the interior of the semi-
conductor may have its zero chosen arbitrarily. For our
purpose the zero is so chosen that —gy is approxi-
mately the energy of an electron at a level of energy
midway in the energy gap. The exact value of ¢ is such

that
n=n; expg(¥— ¢)/ kT (5.1)
p=niexpq(¢—¥)/kT ($.2)

under equilibrium conditions. Under nonequilibrium
conditions, similar equations determine the “imrefs”!!
¢n and ¢, in terms of ¢, #, and p as follows:

n=n; expq(y— ¢n)/kT
p=niexpq(op—)/kT.
NOTATION

(5.3)
(5.4)

A =cross-sectional area of unit;

b=pa/pp=2.1;

By=(kT/q)[1—exp(—qei/kT)];

B,=(kT/q)[1—exp(—qe./kT)];

e=Dbase of naperian logarithms;

D,, D,=diffusion constants for electrons and holes;

Gu, Gir, etc.=conductances at zero voltage;

n=density of electrons;

my=mn in the base layer;

n;=n in an intrinsic specimen;

ni=deviation of # from its thermal equilibrium value;

N4, N,=density of donors, acceptors;

p=density of holes;

g=charge of a hole=—charge of an electron;

V, v=dc and ac components of voltage;

W = thickness of base layer;

Hn, pp=mobilities of electrons,
cm?/volt sec;

o;=intrinsic conductivity;

Tply Tpry Tnp=lifetimes of minority carriers;

o= (Fermi level)/(—q);

on=1mref for electrons;

¢p=1mref for holes;

©1, ¥b, pr=voltages of the three regions; and

Y =electrostatic potential.

holes=3600, 1700

The imrefs or “quasi-Fermi levels” are introduced for
convenience in discussing boundary conditions at the
junctions and the meaning of applied voltages. In
terms of the imrefs the current densities assume a
particularly simple form:

I.=4D,Vn+quunE= —qu.nV on (5.5)
I,=—gD,Vp+quopE=—quppV ¢y (5.6)
These equations show that the current densities are

10 The notation used here is similar to that of references 1 and 2
and the analysis is substantially an abreviation of that of ref-
erence 1.

1t We are indebted to the most appropriate authority for sug-
gesting this modified name for the quasi-Fermi levels.
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those corresponding to materials with the conductivity
appropriate for the electron and hole densities, respec-
tively, and to electric fields derived from the imrefs as
potentials. From these relationships it is evident that a
given electron current will produce much bigger changes
of the imrefs when it flows in a p-type region, where the
electron density is small, than it will in an n-type
region. In fact the ratio of conductivity by electrons is
so great between the two regions that the imref for
electrons can be regarded as substantially constant in
the n-type region. In accordance with the assumption
that the minority carrier density is small compared to
the majority density and the assumption that the space
charge is negligible, it follows that the potential ¢ is
substantially uniform in the interior of each region
also. If the contacts on regions / and r are so far from
the junctions that no injected carriers reach them and
are substantially ohmic, then it also follows that the
imrefs for electrons in these regions are simply the
voltage applied to the two contacts. In accordance with
the assumption that current to the base contact is
carried by holes, it also follows that the imref for holes
in this region is equal to ¢.

We shall now apply the aforementioned conclusions
to the boundary condition at J,. For simplicity we
shall assume that the base is grounded so that we shall
consider in general cases in which

0170, =0, ¢,#=0. 5.7

By the reasoning of the preceding paragraph, the imref
for electrons is continuous across the junction J; and in
fact has its largest gradient only after the interior of the
base region is reached. Consequently we may take ¢,
in the base region near J,; as substantially equal to ¢;.
The electron density in the base region near J; is thus
given by

(5.8)

where #; is the thermal equilibrium concentration of
electrons at the corresponding point. (This equation
follows directly from (5.3) together with the conclusion
previously reached that ¥ and ¢, in the base layer are
unaffected by the applied potentials of (5.7).)

We shall be chiefly concerned with deviations of the
densities from their equilibrium values and shall use
the subscript 1 to indicate such densities. The deviation
corresponding to (5.8) is

m=mny[ exp(—qei/kT)—1]=—ngB,/kET. (5.9)

In this expression we have introduced the quantity B,
defined as
B,=(kT/q)[1—exp(—qe:/kT)]. (5.10)

This symbol is introduced since all the currents with
which we shall be concerned depend functionally upon
the voltages in the form (5.10). The coefficient kT/q is
introduced so that B; has the dimensions of a voltage
and for small values of ¢;, B, is in fact approximately
equal to ¢;.

n(in b near J;)=n;, exp(—qoi/kT),
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Entirely similar reasoning leads to corresponding
relationships for the hole density in the / region:

p(in I near J;)=p; exp(—qoi/kT) (5.11)
pr1=pilexp(—qpi/kT)—1]=—pigBi/kT. (5.12)
VI. THE CURRENT-VOLTAGE RELATIONSHIPS

The analysis of the last section indicates that near J;
the deviations of both hole and electron densities are
proportional to B;. These deviations lead to diffusion
currents, which would vanish for the case of thermal
equilibrium with B;=0. As a result of the linear ap-
proximations discussed in Sec. II, these currents will
be proportional to B,. In Fig. 3 the conventions selected
for signs of current are shown. We shall accordingly
denote the current into region b due to hole flow across
J 1 as follows:

Ipy=GupBi. (6.1)

For the case of a uniform cross section of area A and
material of uniform conductivity and uniform lifetime
71, the value of the coefficient may be easily derived :1?

Gup=quppnid/Lp=0c2bA/(14+b)a:L,  (6.2)
in which the diffusion length is given by the equation,
L= (Dprp)}. (6.3)

The last form of (6.2) expresses the conductance G, in
terms of the conductivity o; of an intrinsic sample and
the actual conductivity of the n-type region. The quan-
tity b occurring in the equation is the ratio of mobilities:

b= ﬂn/#p- (6'4)

The electron current flowing across J; can also be
directly evaluated for the case of B,=0. Even if no
potential is applied across J,, some of the electrons
injected across J; will arrive in the r-region. This is a
consequence of the fact that the deviation #; is required
to be zero at J, when ¢, is zero. The electron currents
across the two junctions are found to be®

Iz,.=|:(qu,,nbA/L,.) COth(W/Ln):]BzEGunBz (65)
I,n=—[(qumns4/L,) csch(W/L,)1Bi=Gi.Bi. (6.6)

The conductance G, may be expressed in terms of the
properties of the base layer as follows:

Gun=[02b4/(1+8)0sL,] coth(W/L,).  (6.7)

A similar treatment for J, leads to a corresponding
set of equations. In terms of the G’s and the B’s the
current-voltage relationship may be written as follows:

I;=GuBi+Gi.B. (6.8)
Ir=GrlBl+GrrBr (69)

12 Reference 1, Eqs. (4.20) and (4.21) or reference 2, p. 316.
In a specimen of finite cross section, the recombination must be
described in terms of a set of normal modes. For the cross sections
of the small transistors, the lowest mode dominates and its life-
time may be used in the formulas derived for the one-dimensional
case. See reference 1, Appendix V.

13 Reference 1, Eq. (5.6), modified for electron diffusion.
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Gu=Gunt+Gup, G1,=Girn (6.10)
Grl=Grlm Grr=Grrn+Grrp~ (6-11)

For low voltages we have the approximate relation-
ship,
| o .| <&T/q, (6.12)

so that the coefficients in Egs. (6.8) and (6.9) are simply
the low voltage conductance components. If the poten-
tials consist of a bias plus a small ac component so that
we may write

Bi=¢;, B,=¢, for

o=Vit+uw, o=V, tuv, 6.13)

then the small signal equations become
1= guvi+ gurvs (6.14)
1:= Vit grr¥r, (6.15)

where the relationship between the small g’s and the
large G’s is
2u/Gu=gn1/Gi=exp(—qV,/kT) (6.16)

while a similar equation applies for the other two
coefficients.

From these relationships one can also derive the re-
sult that each g is proportional to the deviation of its
corresponding GB term from its saturation value corre-
sponding to B=(kT/q). This may be expressed sym-
bolically as follows:

g=(deviation of GB from saturation)- (¢/kT). (6.17)

For the model discussed in connection with Egs.
(6.5) and (6.6), it is evident that symmetry leads to the
equation,

Gi,=Gn. (618)

If the conductivity varies in an unsymmetrical way,
however, in the middle layer or if the lifetime is greater
at one side of the layer than the other, then we cannot
reach the conclusion that the two G’s are equal from
symmetry arguments. It can be shown, however, that
it is a consequence of the linear assumptions described
in Sec. IT that the symmetry relationship holds no

J J
/9' /r

- £-Recion

b
&'{
ﬁ\

+
=%

Fi6. 3. Dimensions and conventions for voltage and
current for an #-p-n structure.



156 SHOCKLEY,
matter what the geometry of the middle layer. The
proof of this result is given in an appendix." This
leads us to the conclusion that for the idealized sort of
model in which all of the currents are linear in the
injected carrier density, the behavior of the transistor
is described by three parameters, at least so far as low
frequencies are concerned. These parameters are the
four coefficients in Eqgs. (6.8) and (6.9) with the rela-
tionship (6.18) between two of them.

In terms of these coefficients we may define the
“alpha” of the unit using either junction as an emitter.
The two o’s need not be equal and the « for the left
junction is given by the relationship,

ai=—(9I,/3I;) [for ¢, const]=—G./Gu
= —Grin/ (GuntGuyp)
= (—G,M/G”n)[Glln/(Glln+Gllp)]= 7161-

The definition of v in transistor terminology is the frac-
tion of the current at the emitter junction produced by
emitter voltage that is carried by minority carriers in
the base; evidently

Y1=Gun/ (Gunt+Guyp).

The fraction of these injected carriers that reaches the
collector is defined as §:

131= “'Grzn/Gun= sech(W/L,,).

(6.19)

(6.20)

(6.21)

The “intrinsic «” or a* of the collector junction is
defined as the ratio of change in total current per unit
minority carrier current arriving at it. For a simple
p-n junction collector, o* is unity. For a “hook col-
lector,” which we treat in the next section, the arrival of
injected current provokes a flow of carriers and e*
may be 100 or more.

If the middle layer is thin so that the hyberbolic
functions of (6.5) and (6.6) may be approximated by
their first terms, we may write

Bi=1—3(W/L,)?*=1 (6.22)
vi=1/[14 (oW /1L )] (6.23)
a=1/[14(osW /1L )] (6.24)
Gun= o120 A/(1+b)asW. (6.25)

Entirely similar expressions may be written for J,
simply by interchanging r and .

14 This symmetry result may be derived in a more general way
from the reciprocity principle of electrical conduction provided
no magnetic field is present. The necessary theorem is proved in
section 5 of H. B. G. Casimir [Revs. Modern Phys. 17, 343
1945)]. The proof there shows that in the linear range of con-
ductivity, Gir must equal Gn. Since we have shown that the cur-
rents are linear functions of the B’s by an independent argument,
it follows that we may take Gir=Gy in general. The method used
by Casimir is based on Onsager’s principle of microscopic reversi-
bility and has an unnecessarily abstract flavor so far as the needs
of this article are concerned. The desired theorem can be proved by
straightforward analytical methods as is shown in the Appendix.
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VII. SPECIAL OPERATING CONDITIONS

We shall next consider the consequences of the equa-
tions derived in the previous section for several limiting
cases of voltages and currents.

A. Operating as an Amplifier

In order to get into the range of linear behavior it is
necessary to apply a sufficiently large reverse bias to
the collector so that its current saturates. This condi-
tion corresponds to the straight parts of the character-
istics shown in Fig. 2. The voltage required to get into
this range must exceed about 4k7/g. After this point is
reached the emitter current and collector current may
be approximated by

Iz==GuBz—azGukT/q (713,)
r=—aiGuBi+G..kT/q
= oqu-i- (G,-r-’- aFGu)(kT/q). (71b)

Equation (7.1b) accounts for the parallel lines with
currents increasing linearly in I; shown in Fig. 2 for high
collector voltages.

For applications in circuit theory, it is important
to know the emitter admittance gi;. To the approxima-
tion emphasized in this paper in which series ohmic
resistances are neglected, this admittance is 1/7, of the
equivalent circuit.® The range of interest is usually such
that — ¢;>4kT/q so that the application of the reason-
ing of (6.17) leads to

1/re=gu=90I,/3¢o1=Gu exp(—qw/kT)
=1,g/kT=40I)mho. (7.2)

If the unit is operated with grounded emitter and
with the collector current saturated, then the input
admittance is

dly/doy=d(—1,—1,)/d(— ¢»)
=(1—a;)Guexp(—qei/kT) (7.3)

while the transconductance is 1/(1—a;) larger. Thus
if a;=0.99, there will be a current gain of 100-fold, if the
collector current is saturated. The theoretical power
gain would be infinite if the collector impedance were
infinite corresponding to the ideal saturation of (7.1b).
Actually collector resistances of 107 to 10® ohms are
observed. For currents large compared to saturation
currents, (7.3) leads to an admittance of (1—a;)I,q/kT
=10"2X107*X40=4X10"5 mhos for I,=10"* amp,
a typical value for high gain performance. The power
gain will be roughly the ratio of output to input im-
pedances times the square of the current gain and will
thus be about 107X4X10~%X104=66 db for a matched
load. As discussed in Sec. IV, gains as high as 50 db
have been obtained in practical circuits.

B. Hook Collector in p-n-p-n Transistor

Point contact transistors are frequently observed to
have current multiplication in the sense that at a
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fixed collector bias, changes in emitter current produce
changes in collector current several fold larger. One
explanation is that a “p-» hook” is formed at the col-
lector junction so that the “intrinsic a” or o* of the col-
lector is high. We shall illustrate this theory for the
case of an n-type transistor in which holes are injected
by a p-» junction emitter and the collector consists
of » and p layers.

This structure is represented in Fig. 4 and is shown
for bias conditions similar to those discussed for Fig. 1
except for the added emitter region and the absence
of a contact to the b layer. Regarded as a transistor,
the emitter, base, and collector are ¢, ', and ¢’. The
operating biases put reverse voltage across J, and
forward across J;. The base layer b will float at a poten-
tial such that the net current to it is zero:

I,+1,=Gu(1— a)) B+G,-(1—a,)B,=0. (7.4)

For large reverse biases B, will be positive and B; nega-
tive and

(7.5)

where V. is the voltage on the collector. For large V.,
B, will saturate and ¢; will be determined by

Bi;=—G,(1—a,)(kT/q)/Gu(1— )
so that the saturation current is
I.(sat)=(1—a,a1)G.kT/q(1— ay). 7.7

If holes are injected by € so that a hole current I,*
arrives at J,, then the condition,

IAT+1,*=0

or— o=V,

(7.6)

(7.8)

leads to a change
AB;=—I,*/Gu(1—ay) (7.9)

and this produces an increased electron current across
J» which leads to

AI,”= G,-zAB1= cuI,,*/(l—az). (710)

The “intrinsic &” or o* of the composite structure is

o= (AL, +I,5/1*=1/(1—a). (7.11)
For the thin layer approximation we see that
a¥= 1+(0’1Lp1/0'bW). (712)

Thus for thin layers and for highly conducting ! re-
gions, a* may be made very large.

The reason for calling the structure a “p-n hook” is
illustrated in Fig. 4b. The high energy potential for
electrons in layer & is low potential for holes. Holes
injected by € become caught in this hook and bias J;
forward so as to provoke the enhanced electron flow.

C. Phototransistor

The structure in Fig. 4 can act as a phototransistor
if the hole injection by the emitter junction is simply
replaced by hole electron pair generation by light.
For this application, the structure has only two termi-
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nals, b’ and ¢’ of Fig. 4, the region ¢ being absent. If
the hole electron pairs are generated in the neighbor-
hood of J,, then they will be separated by the field in
the junction with a current equivalent to the passage
of one hole across J, for each pair so separated. The
hole current across the junction will under these condi-
tions be multiplied just as for the case of the p-n-p-n
transistor so that the apparent quantum efficiency for
hole electron pairs generated at J, is

apparent quantum efficiency
=a*=1+(0:Lp/asW) (7.13)

by the reasoning that leads to Eq. (7.12). In the follow-
ing section we shall discuss some values of o* deter-
mined by measurements of photocurrents.

D. Internal Contact Potentials

In order to discuss internal contact potentials we
return to a consideration of the three region device of
Fig. 3. If b is grounded and region 7 is allowed to seek
its own potential, then potentials applied to region /
will produce potentials on region 7 although the poten-
tial measured with an ohmic contact to & would every-
where be zero. The floating potential of region r is
determined by setting the total current equal to zero
so that we have

0=1,=G.Bi+G,.B, (7.14)
B,= (_Grl/Grr)Bl= (—Glr/Grr)Bl= a,B; (7.15)
exp(—qeo./kT)=1—a,+ a, exp(—qei/kT). (7.16)

Equation (7.16) expresses ¢, as a function of ¢; and
a,. It takes simple limiting form for extreme bias
conditions;
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Forward bias:

—qoi/kT>>1
o,=o1— (kT/q) Ina, (7.17a)
a,=expq(pi— ¢,)/kT. (7.17b)
Zero bias:
|goi/ kT | K1
r=a oL (7.18)
Reverse bias:
qei/ RT>1
or=—(kT/q) n(1—a,) (7.19a)
a,=1—exp(—qe./kT). (7.19b)

In the following section, we shall show that these ex-
pressions are approximately satisfied.

VIII. COMPARISON WITH EXPERIMENT

In this section we shall be chiefly concerned with an
analysis of data on an #-p-n transistor and with showing
that it may be interpreted on the basis of the theory
discussed above. The data were taken under two sets of
conditions: In the first the voltages were small compared
to (kT/q) and from these the G’s were determined using
the approximation (6.12). In the second set, a wide range
of voltages were used; for all conditions, however, one
of the two B’s was taken as independent and the other
B was either constant or else proportional to the inde-
pendent B. Consequently, each current is of the form

I=c+mB=Is+m[B—(kT/q)]
=Igs—1Iy exp(—qV/kT),
where V is the voltage upon which B depends and
Is=c+(mkT/q) (8.2)

is the “saturation” value of the current for large posi-
tive values of ¥ and

(8.1)

Iv=mkT/q. (8.3)

Both I'g and Iy are readily calculated in terms of the
G’s. In the analysis of the data the measured 75 and Iy
values are compared with values computed from the
G’s, and the dependence of I upon V is investigated.

It should be pointed out that the values of the G’s
are strongly dependent on temperature. Consider, for
example,

Gnu=>bs24/(14+b)%s,W. (8.4)

TABLE 8.1. Zero bias conductances for an #-p-n transistor
(conductances in micromhos at 7'=22°C).

Measured Calculated

Gn 8.8 +0.5 8.8

22 33.3 £0.5 33.3
Gu(l—ayas) 69 +£0.5 6.9
Goe(1— a1z 26.5 +0.5 26.4
ay=(V./Ve) for I,=0 0.860.02 0.89
a1=(V¢/V.) for I.=0 0.224-0.02 0.23
G11+G12—2Gy 26.2 0.5 26.5
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In this expression!’®

clxexp(—eg/kT) (8.5)
where e¢ is the energy gap and
opx T4, (8.6)

Consequently the value of G,; at Ty+AT=300°K+AT
is approximately

Gr(To+AT)=Gi(To) exp[(e/kTo*)+(3/2T0) JAT
=Gn(To) exp(0.0954+0.005)AT (8.7)

so that G, increases approximately 10 percent per
degree C. This increase arises chiefly from ¢# and will
be approximately the same for all the G’s.

The fact that the G’s have large temperature coeffi-
cients implies that at fixed voltages the currents will
be very sensitive to temperature. This does not mean,
however, that in a properly designed circuit, the be-
havior of the unit will be highly sensitive to tempera-
ture. The value of ay, for example, as shown in (6.24)
involves only ¢yW/o.Ly and this has only a small
temperature coefficient. At a fixed emitter current, the
emitter resistance is proportional to T in °K. Thus the
most important quantities from a circuit point of view
have small temperature coefficients.

Since in this section we are dealing with a transistor
designed to have one terminal as emitter and one as
collector, we shall abandon the “left” and “right”
terminology and use subscript “1” for the emitter and
“2” for the collector as is customary for transistors.
The large signal equations are then

I.=GuB1+G1:B: (8.8)
I.=GuB1+GyB, (8.9)
and the small signal equations are
I=g110+ g1ove (8.10)
1e= ga1Vet gasve (8.11)

where each g gepends on its corresponding voltage in
the form,
2ii=Gijexp(—qV;/kT). (8.12)

The low voltage conductances were measured at 2
millivolts. For this small voltage

B(+2mv)= 1.95mv (8.13a)
B(—2mv)=—2.05 mv (8.13b)

so that the currents are nearly linear in this range, and
the nonlinearity is practically eliminated by averaging
the two polarities. With the collector grounded, I. was
measured and Gi; computed from I./V.. With the col-
lector open circuited, I. and V. were measured ; for this
case I,/V¢=Gu(1—a1a2) and Vc/V¢= —G21/622= as.
Similar data were taken with voltage applied to the

16 ;2 varies as T° exp(—eg/kT), see reference 2, page 475, and
pnup as T3, see page 287,
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Fi1c. 5. Internal contact potential developed on the
open circuited collector.

collector. Finally collector and emitter were connected
together and the combined currents measured; this
gives

(I¢+Ic)/Ve=G11+622—G12—G21. (814)

The values selected for the G’s were: Conductances in
micromhos at 22°C

Gu=8.8, Gzz=33.3, Gu=Gzl=—7.8. (815)

These three values fit the seven measurements within
the limits of experimental accuracy as shown in Table
8.1. The fact that the fit can be achieved with three
constants is not a real test of the theory of Sec. VI,
however, since any passive three terminal device in
the absence of magnetic fields should satisfy the re-
ciprocity condition and be described by three constants.
What the table shows essentially is the consistency of
the measurements.

Accurate values for the constants for the base layer
were not available for the unit studied. However, the
orders of magnitude of the G’s are in reasonable agree-
ment with values expected for a structure with con-
stants lying in the ranges expected from the method
of fabrication. We shall not attempt to obtain a perfect,
fit's but will choose as an example a structure with
A=0.003 cm?, W=25X103 cm, ¢.=20, 0;=10,
d.=0.1, ¢;=(1/60) ohm™ cm™, and lifetimes 7,,=40
and 7,.=10 microseconds. The resulting values for the
G’s based on Egs. (6.2), (6.22), and (6.25) are

G11,="7.3 micromhos (8.16a)
G11,=0.5 micromhos (8.16b)
G22p=45 micromhos. (8.16¢)

16 For the simpler case of a p-» junction, the electrical properties
have been predicted with an accuracy of about 20 percent from
the independently measured constants describing the junction.
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The value of B is greater than 0.99 for r,=40 micro-
seconds and may be taken as unity so far as the G’s are
concerned. These values lead to

Gu=Gurt+Gu,=7.38 (8.17a)
—G12=—G122=P1G11n=BsG22,=17.3 (8.17b)
G22=G22n+622p= 73+45=52 (817C)

According to this interpretation the failure of a; to
be unity is due chiefly to hole flow across J. and a simi-
lar condition is true of a,. The base current arises al-
most entirely from these hole flows with recombination
in the base being nearly negligible.

Figures 5 and 6 show the internal contact potential
effect. In Fig. 5 the potential V. is applied and V,
measured while zero current flows to the collector
terminal. The data are seen to be in general agreement
with the theory and with the value of a,, corresponding
to the collector junction, obtained at low voltage for
Table 8.1. Figure 6 shows similar data with the voltage
applied to the collector. The data are seen to differ
slightly from the theoretical curves for reverse biases.
The values of « obtained by applying (7.19b) to these
data are

a;=0.226 and «,=0.894, (8.18)

which shows that the fit is very sensitive to small varia-
tions in value of a. The test of Eq. (7.17b), which ap-
plies to forward bias, cannot be carried out as satis-
factorily because under these conditions the currents
are relatively large and the voltage drops across the
series resistances of the specimen are not negligible
compared to the effects studied. The values obtained
are, however, approximately the same as those of
Table 8.1.

In Fig. 7, the collector is biased to saturation and
I.and I, are plotted as functions of V.. For this case the
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Fi1c. 6. Internal contact potential developed on the
open circuited emitter.
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formulas should be
I.=GuB1+G(kT/q)
=Gu(l—a)kT/q—(G11kT/q) exp(—qV/kT) (8.19a)
Ic=Gl2Bl+G22(kT/q)
=Ga(1— ) (RT/q)
+ (a1iGuikT/q) exp(—qV /kT). (8.19b)

It is seen that the lines agree well with the exponential
forms and, furthermore, that the slope is in good agree-
ment with theory which requires that for one decade of
change in the current the voltage change should be

AV =2.30XkT/q=2.30/39.4=59.0 mv (8.20)

for T=297°K, the temperature at which the data were
taken. The values of I g and Iy deduced from Table 8.1
(corrected for a AT of 2°C) and from the data on which
Fig. 7 was based are:

Fig. 7 Table 8.1
Gu(l—a1)kT/q 0.021 ue 0.025 pa
Gu(kT/q) 0.30 ua 0.27 pa
Gzz(l - az)kT/q 0.88 na 0.78 na
alGukT/q 027 ua 0.24 Ma.

The slope terms are simply the values for V=0 in
Fig. 7. The saturation values were deduced directly
from the data. In the voltage range used, the satura-
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tion for the collector was not perfect and the collector
saturation values were corrected for a ‘“leakage” term
of about 1 megohm. (The origin of this leakage effect
is not clear and it tends to saturate at higher reverse
biases.)

In Fig. 8 the dependence of emitter current upon
emitter voltage is again shown. The unit was at some-
what higher temperature and was measured at a higher
collector voltage in one case and with the collector
floating in the other. The ratio of the two terms
should be

G11/G11(1—a1a2)= 1.25 (821)

The' observed ratio is 1.30 at V=0 which is satisfactory
agreement.

In Fig. 9 the dependence of collector current upon
collector voltage is shown for two cases similar to those
of Fig. 8. The ratio of the two values is again 1.30 in
good agreement with the prediction. It should be noted,
however, that the slope requires 74 millivolts per decade,
a value appropriate to an unreasonably high tempera-
ture of 103°C. This slope is established for such low
currents that it seems difficult to explain it by spurious
effects of series resistances.

There is an important difference in the nature of the
currents of Fig. 7, which fit the theoretical slope, and
those of Fig. 9, which do not. The currents of Fig. 7
consists chiefly of electrons which diffuse through the
base layer and arrive at the collector; the evidence for
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this conclusion is the value 0.89 for a;, which implies
that only 11 percent of the current is carried by elec-
trons recombining in the base layer or holes diffusing
into and recombining in the emitter body (or the re-
verse processes, depending on the polarity). On the
other hand, most of the collector current is probably
carried by holes which recombine in the collector body.
(This reasoning is in agreement with the attempt to
interpret the G’s in terms of the structure discussed in
connection with (8.17a, b, ¢).) It is to be expected theo-
retically that if the recombination process involves
trapping on recombination centers,'” then the rate of
recombination will increase less rapidly than linearly
with injected carrier density because at high densities
the traps tend to saturate. This view has received some
experimental support from the work of F. S. Goucher
and J. R. Haynes who find an apparent increase in life-
time with increasing carrier density. It may be that this
mechanism accounts for failure of the currents to in-
crease as rapidly as they should with increasing voltage
in Fig. 9.

Further evidence for nonlinearity in the recombina-
tion of holes in the emitter is furnished by the depend-
ence of oy upon emitter current. This can be seen in
Fig. 7. As the emitter current increases, the ratio of
collector to emitter current (above saturation) increases
from 0.9 to about 0.95. This is interpreted as being due
to the failure of hole current to increase as rapidly with
voltage as does emitter current.

The tendency of « to increase with emitter current
appears to be a general feature of n-p-n transistors.
Wallace and Pietenpol® report values as high as 0.995
for a.

Phototransistors made of #-p-n structures are ex-
tremely responsive to light and exhibit apparent quan-
tum efficiencies of at least several hundreds. In ac-
cordance with the interpretation of Sec. VII C, these
efficiencies would lead to «; values deduced from
1—(1/a*) comparable to or larger than the highest
observed in n-p-n transistors.

IX. SOME DESIGN CONSIDERATIONS

It has been the principal purpose of the preceding
sections to examine the consequences of the diffusion
theory and compare them with experiment. For this
purpose the experimental conditions considered were
the simplest: small currents and zero frequency. For
practical applications high frequency and larger cur-
rents are also of interest. In this section we shall discuss
briefly some of the factors of importance in design
considerations.

Of great interest is the frequency cutoff. This may be
determined by the external circuit or by one or another
of several internal features of the transistor. The most
fundamental of these latter is that set by the diffusion

17 See reference 2, page 342.
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time through the base layer. This time is
TD=W2/D7|- (9.1)

At a circular frequency w, solutions for #; in the base
layer are of the form,

exp(twtx(14iwr,)}/L,) 9.2)
and this leads to a B8 value of
B=sech(1+iwr,) W /L,. 9.3)

For frequencies such that wr,>>1, this reduces to
B=2/[exp(14%)(wrp/2)}+exp(—1—1)(wrp/2)¥]. (9.4)

From this it is evident that for wrp>>2 there is a phase
lag of (w7p/2)? radians and an equal attenuation in
nepers. The power gain, which is proportional to 82 in
many cases, drops about 3 db when wrp=2 or
f=D,/=W?=30/W>. For W=10"% inch or 2.5X10~?
cm this is about 5X 10° cps.

In addition to this fundamental limitation, there may
be limitations due to capacitance and ohmic resistances.
We shall illustrate this by considering the grounded
emitter form of circuit, which is analogous to a grounded
cathode vacuum tube circuit. For this case ac signals are
applied to the base and ac voltages are developed on the
collector. These voltages charge the capacitance of the
base collector junction and this charging current must
be furnished by hole flow in the base layer. For a layer
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Fic. 10. The base region over whose surface the integration is made.

with 0p=10 ohm™ cm™ and W=2.5X10"% cm, the
resistance from edge to opposite edge of a unit square
is 40 ohms. If the capacitance is 2000 puf/cm? and the
voltage gain is 10, then the input signal will dominate
the voltage on the base layer only if the width of the
unit is less than

(10X wX 2X 1079X 40)~¥= (w8X 10~7)~1.

For a frequency of 5X 108 cps, this leads to a width of
2 mm. The current through the base layer must also
charge the emitter capatitance which may be much
larger than the collector capacitance due to the effects
of diffusion.

If the unit is too wide, the signal applied at the elec-
trode on the base layer will be attenuated so that only
a portion of the base layer will be operative in the
desired way. The remainder of the base layer will be
dominated by the capacitative voltages and these will
induce currents which will lead to large ‘“active”
capacitances appearing between emitter and collector.

It is evident that the effects involved will lead to
rather detailed calculations for any particular case but
that the physical principles required to design z-p-n
transistors are simply extensions of those well estab-
lished for p-» junctions and #n-p-n transistors for the
low bias, low frequency conditions.

The low noise figures of these transistors cannot be
said to be explained in the absence of an established
theory of noise generation. They are, however, in rough
agreement with a theory based on noise modulation of
the recombination mechanism.'” This theory predicts
that each element of volume is a source of (noise cur-
rent)? proportional to the square of the deviation of
minority carrier density from its normal value. Apply-
ing this criterion to the #-p-n structure and comparing
it to the type A indicates that the observed difference
of 40 db or more between noise figures can be accounted
for in terms of the change in current densities and
geometries.
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APPENDIX
Proof of the Equality Gir=Gn

We shall prove this equality subject to the assumption that the
electron density in the base layer is small compared to the thermal
equilibrium hole density. Under these conditions, the effect of
injected electrons on the potential distribution may be neglected
so that the variation of the electron density from its equilibrium
value may be treated by linear equations. In Fig. 10 we represent
the situation considered. We shall denote by I,i(B;, B,) the current
across J; into the base carried by electrons. The symmetry rela-
tion Gi»= G is then established by proving that

I.(0, B)=1,.(B, 0). (A1)

In the base layer we shall suppose that the electrostatic potential
¢ and the lifetime 7 are arbitrary functions of position. The
boundary condition on the external surfaces and at the metal
contact will be taken as

I,-dS=—gn;s|dS|, (A2)

where dS is the outward normal, s the surface recombination
velocity and

(A3)

m=n—mnp

is the deviation of # from the thermal equilibrium value.
We shall denote the solutions corresponding to potentials ap-
plied to the two junctions as follows:

Bi=B, B,=0 m, In (A4)
Bi=0, B,=B n/, I.. (AS)
The currents in question are then
L0, B)=— [, I./-dS (A6)
In(B,0)=— [ I,-ds. (A7)
The desired theorem is proved by considering the vector 4 :
A= (m/m)I/ — (n /ns) . (A8)

Since I,-dS is proportional to #; on the external surfaces, 4 -ds=0
on these surfaces. Hence, the integral of 4-dS over the surface
of the base region is

fA -dS=(¢B/kT)[—I.(0, B)+I.(B, 0)] (A9)
since on J; and J, we have
n1/my=(gB/kT) on J,
Al
=0on J, (A10)
n/ny=0on J
1 / b n Ji (All)

=(¢gB/kT) on J,.

Furthermore, it can be shown that V-4=0 in the base region
and hence that (A9) is zero by Gauss’s theorem so that (Al)
is proved. The proof that V-4=0 is accomplished by showing
that V- (n1/n3) I’ is symmetrical in #; and %’ so that the two terms
in (A8) have cancelling divergences:
V- (nl/”b)Inl
= (1/n) (Va—n1V Inng) - I/ + (1 /n) V- I,
=(1/m) [(Vr1+ngE/kT) - (quani’ E4qDnVny')
—g(mm’/7)], (Al2)

which is seen to be symmetrical.
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Fic. 1. The n-p-n structure and the energy level scheme. (a) and
(b) Thermal equilibrium. (c) and (d) Biased as an amplifier.
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F16. 4. A p-n-p-n transistor with a p-n hook collector.



