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On the Variation of Junction Transistor Current-Amplification Factor with Emitter Current

Introduction

Existing theories of the junction transistor fail to predict the
very significant variation of current—amplification factor, a.p, as the
emitter current is varied. This variation has been very troublesome in
power transistors, particularly at high emitter currents where the Cep

also

(, fall-off may be so severe as to limit usefulness. At low current, Xy

drops off, an effect of importance in very low-power applications. By
taking into account the modification of base region by the injected charge
carriers, an explanation was found for the observed variation. Electric
fields in the base region decrease the mean transit time for minority
carriers on their way to the collector. This reduces the effect of surface
recombination and increases current-amplification factor as the emitter
current rises. Another effect, however, is in the opposite direction; this
second effect is due to an increase in conductivity of the base material
which increases the rate of volume recombination and also lowers emitter
efficiency. The combination of these effects yields calculated curves

which show amaximum and agree well with experiment. The work is applicable
(T to both p-n-p and n-p-n types, and it is shown that the latter is in-

herently less sensitive to emitter current density.

General Discussion

710

As the current density in a junction
transistor is increased, a number of second
order effects make themselves felt. The most
noticeable of these is the change in current-
amplification factor. Inthe typical transistor,
the current gain increases, goes through a

o
o

n
>

b
O

max imum, and finally decreases steadily as the
emitter current is increased. Fig. 1 shows this

variation for a typical p-n-p alloy junction

n
o

CURRENT-AMPLIFICATION FACTOR dcp
w
o

(;fransistor.
It is the purpose of this bulletin to show
that the variation of current gain with emitter
current can be accounted for by the change in

S

the characteristics of the base material pro- ° : EMITTER MILLIAMPERES I = =
duced by the injected carriers. Previous tran-— - |
P 3 ‘ ig. | — Variation of current-amplification factor,
(; |§tor theory ignored such effects in that the ®,,, With emitter current for a typical p-n-p alloy
injected charge density was assumed to be small transistor.
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compared to the density of ionized impurity
atoms. This is not often the case. A simple
calculation will show that the injected-charge
density in the base region of a TA-153 tran-
sistor® is about equal to the impurity-charge
density when the emitter current is of the
order of one milliampere. (This is a current
density of about one ampere per square centi-
meter.) Since similar transistors are sometimes
used at currents in excess of ten milliamperes,
the second order effects are not negligible.

The most important changes produced by the

injected charge are these:
(1) A small field is developed in the base
section which has the same effect as

an increased diffusion coefficient for
injected (minority) carriers.

(2) The conductivity of the base section
is increased. This has an important
effect on emitter efficiency and
volume recombination.

The first sections of this bulletin wil
review briefly the aspects of transistor theory
which need amendment and derive the prooer
corrections in simple terms. The remainder will
consist of appendices. where more complete
derivations will be found.

Throughout, derivations will apply to the
p—-n-p transistor. The final equations have the
same form for the n-p-n transistor and are
obtained by simply interchanging a few sub-
scripts. Data apply to germanium transistors.

Il. Current-Amplification Factor

A curreqt—amp]ification factor, a. g, is

defined as the variation of collector current,
I
g, with the collector voltage, Vg, held con-
stant. These currents are defined in Fig. 2.
This can be expressed mathematically as:

in response to a change in emitter current,

g - I (1)

ce
a'e V., = constant.

Another current—-amplification factor, « can

cb’
be defined as
a

cC = ce
B 1_("59

Ocp = R

'This type is described in LB-868, Germanium p-n-p
Junction Transistors.

o—4 P N P —
EMITTER COLLECTOR

I,

BASE

Fig. 2 — Current convention used todefine a_, and a .

If e, is nearly unity, as is the case for a
useful junction transistor,

g Bl » 1 (‘)
%e b 3l 1-a "

is a more sensitive parameter than a., and,

®cp
since it is easier to measure accurately,

permits a more reliable comparison between
theory and experiment. Further, it is a little
easier to connect a_, with the physics of the
junction transistor.

Fig. 3 shows a sketch of the potential
distribution through a p-n-p transistor and,
schematically, the paths taken by the holes and
electrons therein. The arrowson the paths
indicate the direction of particle motion. Th
emitter current is composed of holes inject(
into the base (lEp) and electrons extracted
from the base (lg,,. Some of the holes which
constitute IEp recombine on their way through
the base with electrons which enter through the
base lead. The recombination rate defines a
current lg. The collector current is composed
of the holes which did not recombine and a
"saturation" current, |_,, composed primarily
of holes and electrons produced spontaneously
by thermal energy in both the base and col-
lector region and a leakage current across the
collector junctions. For a good transistor,
lco» g, @and lgg should all be small compared
to lEp' Now,

g = IR

and

|Ee = 'Ep :)1

since |Ep>>|Ee' The equation which describes
the change in |y for an incremental change in
lg with collector voltage constant is:

Olg . Olg , Olg, ol ., )/

91, 8|EP 8'5p 6|Ep

le
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LEGEND:

\

| —~--ELECTRON FLOW

\ —=—HOLE FLOW

\ —»0-— RECOMBINATION
P -<e=THERMAL GENERATION

FILLED BAND

( ig. 3 — Potential distribution in a p-n-p transistor
showing, schematically, the paths followed by holes
and electrons. X

There is no physical reason why the thermal
generation and leakage should vary with lEp so
that BICO/BIEP may be set equal to zero. Thus,

A1y . B, L0, o 1 (3)
91, 8|Ep BIEP a

This means that a., can be determined if it is
known how recombination and the fraction of
emitter current composed of electrons vary with
“he number of holes injected.

The recombination term should be separated
into two ‘parts, one due to surface recombination
and the other to volume recombination because
the two mechanisms obey different equations.
If this is done, an expression may be written
for 1/a., which contains three terms which may
be investigated independently.

dlgg . dlyp . Ol
= + + e
Lk dle, Blg, Blg, (4)

Here, SR refers to surface recombination and VR

to volume recombination. The partial first-
order theory previously published? gives the
following values:

9l |
VR - VR W, 2
55 : =3 (—) (5)
Ep Ep b
C.
BIE‘a - e, _ O,W (6)
alEp lEp oeLo

( Zw. Shockley, M. Sparks, and G. K. Teal, "The p-n

Junction Transistors", Phys. Rev., Vol. 83, No.
pp. 151-162, July 195].

I ’

where W is the width of the base region, Ly is
the diffusion length for holes in the base
region, o, and o, are the conductivities of
base and emitter regions respectively and Le is
the diffusion length for electrons in the
emitter region.

An expression for thesurface recombination
term, aiSR/alEp, is now needed to complete the
first-order theory. It may be derived as fol-
lows: Nearly all of the surface recombination
in an alloy junction transistor occurs in an
area which is ring-shaped and surrounds the
emitter "dot". The number of holes recombining
depends on the product of s, the surface re-
combination velocity, the effective area, Ag;
and the density of holes present near the
surface, p. This is expressed by the equation
lsg = esAgp where e is the electronic charge.
Since thearea where major surface recombination
takes place is very near the emitter, one sets
p equal to the hole density at the emitter
junction which will be called Pe- The first
order theory assumes that holes flow purely by
diffusion according to the law: Jp = —er grad
p = IEp/A where Jp is the hole current density
and A is the cross-sectional area of the con-
duction path (which is about equal to the
emitter area). For plane-parallel geometry
where volume recombination may be neglected as
far as its effect on hole density is concerned
(the case for any useful transistor), this may
be integrated to yield p, IEpW/Aer which is
substituted into the expression for Isg- (The
density of holes near the collector is so much
smaller than the density near the emitter that
it may be set equal to zero in evaluating the
integral.) The result is:

SR - SAW B Olgq

(7)
D,A B,

Ep

Since electric fields in the base region were
neglected in solving for p,, this expression is
not exact. It is, in fact, of approximation
comparable to the terms quoted above as Egs.
(5) and (6).

Now, the complete expression for 1/aCb
according to the first-order theory may be
written combining Egs. (5), (6), and (7).

AW w W 2
Hagy = 22+ 220+ 4 (—) (8)

D A o L L
P e e b
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None of the three terms depends on emitter
current. Thus to explain experimental results,
the basic assumptions which may be insuf-
ficiently exact must be further investigated.
Two assumptions require revision. One of these
states that electric fields in the base region
may be neglected, the other, that the change in
base region conductivity due to injected charge
is trivial. These areboth indirect consequences
of the assumption that the injected hole density
is small compared to the density of ionized
donor atoms which, as indicated above, is not
often the case.

Ill. Fields in the Base Region and Surface Recombination

In the first-order theory, where electric
fields in the base region are neglected, hole
current density in the base is given by:

Jp = —er grad p (9)

where Jp s the hole current density, e is the
b is the diffysion co-

efficient for holes in the base region, and p

electronic charge, D

is the hole density at any point. Electron
current density is assumed equal to zero.

To include effects due to the electric
fields in the base two equations are required:

Jg = neu, grad V - eD_grad n (10)

Jp = -peu, grad V - er grad p (11)
Here, J, is the current density of electrons in
the base, n is the electron density, p, and o
are electron and hole mobilities, D, and Dp are
electron and hole diffusion coefficients and V
is the electric potential.

To these equations can be added n + N, =
p + Nd where Na and Nd are acceptor and donor
ion densities. This equation stems from the
fact that the net charge density in the base
region must be essentially zero. In n-type
material, N, may be set equal to zero without
serious loss of accuracy and Nd assumed to be a
constant throughout the base. Thus n = p + N,

and grad N = grad p.

| f the transistor is to be useful, J_. must

e
be very small compared to Jp. If Jo = 0, n

replaced with Ng + p, and grad n with grad p ™)
Egqs. (10) and (11) may be combined as: d

Jp = —(eD, grad p) (1 + N;p) (12)

Also,
grad V = : Tﬁ::;T grad p = igTsf;STﬁ—
(13)

I'f p<<N,, Eg. (12) reduces to the first—orde’)
equation given as Eq. (9). However, as p in:
increases, the current density increases more
rapidly than grad p until, when p>>Ny, J
—Zer grad p. When this happens, half the hole
current is carried by diffusion and half by the
electric field. Under these conditions, reason-
ably accurate results may be obtained if the
diffusion coefficient is multiplied by two
wherever it appears in equations derived from
the first-order theory. In the transition
region where 0.01<p/N4<100, more careful cal-
culation is required.

The origin of the electric field can be
described in physical terms as follows: I{
order to pass a certain hole current, a hole
density gradient is required. The condition of
space-charge neutrality stipulates an equal
electron-density gradient. The electron-density
gradient would like to induce a flow of elec-
trons in the same direction as the flow of
holes. This happens, momentarily, until an
unbalance of charge sets up an electric field
to hold the electrons in place against their
density gradient. The same field, however, acts
in a direction to encourage hole flow and, in
the 1imit, doubles the hole-current density for
a given density gradient.

The field in the base region has a con-
siderable effect on the surface recombination
term. At low currents, the expression given
above applies, i.e., sASW/DpA. At high current
density, however, D  is effectively doubled and
the per cent of the hole current lost by surfac )
recombination is divided by two. The transition<
between the two cases accounts for the initial
rise in current gain with emitter current. A
calculation of the behavior in the transition
region is given in Appendix |I.

The result of the analysis of Appendix )
is:
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( CLEY LY (14)

alEp DPA

where the function g (z), which will be called
the "field factor", is plotted vs z in Fig. 4
and

wp

E
ADPOb

For high values of z, i.e., greater than about
20, g (z) approaches 0.5; for z = 0, g (z) has
.he value of unity. Thus, the loss in current-
amplification factor due to surface recombina-
tion decreases as emitter current is increased
and approaches a final value of one-half the
initial value. This causes the current gain to
rise, initially, with emitter-current density
at a rate which depends on the base width, W,
the impurity type and conductivity of the base
material.

tn passing, it might be mentioned that the
so-called diffusion capacitance of a junction
transistor is reduced by the field in the base
region by a factor of two as emitter current is
(?ncreased. This has been observed to occur at
about the same current as saturation of the
curve for g (z) as it should, since it also
depends inversely on the diffusion coefficient.

o
©

o
®

°
3

FIELD FACTOR, 9(2)

14
o

Fig. 4 — The field factor, g(z), as a function of z.

( IV. Modulation of Base Region Conductivity by Injected Carriers

As pointed out before, the assumption
that p<<N, is incorrect in a transistor which
is operating at a current density in excess of

bout 0.1 amperes per square centimeter. |t is
usually assumed that the number of electrons

in the conduction band of the base region is
Ny. Instead, Ny +p should be used. A reasonably
good correction to the first-order theory
consists of simply multiplying the base con-
ductivity by the ratio (p+Ny) /Ny where it
appears in the above equations for d-c current
flow*. This ratio is that of the electron
density in the base with injected holes present
to the density in the absence of holes. One
should use the value of p/Ny at the emitter
which, for large currents, is given approxi-
mately by IEque/ZDpAob = z/2. (see Appendix |).
Thus, wherever o, appears in the d-c equations
it should be multiplied by:

P Ne = 4 v 212

d

V. Emitter Efficiency
The partial first-order theory predicts?

alEe |

Ee - b
Olg, T 8

This may be amended by writing instead,

| w
Es a0 [102]2)

IEp oeLo

Since z is a function of IEp’ one cannot simply
equate BIEE/SIEp to this but must take the
derivative as follows:

I
Al ., _ O, W (1+2/2+2Ep 9z )
alEP o,L 2

. BIEP

dz "
’Ep 57:—, however, equals z since z and IEp are

[
linearly related. Thus, the effect of dif-

ferentiation is simply to double the term in z
and

91 oW

w-f—‘ = obL {L+2) (15)

Ep e e

*The reader is cautioned that this substitution is
not valid for all transistor equations but only
where o, has been substituted for the density of
conduction electrons (or holes, in p-type material.)
The underlying physics should be examined for each
equation to make certain that this is the case.
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This equation states that the emitter efficiency
decreases, the current—-amplification
factor drops as emitter current is increased.
Further, at high currents, the current-ampli-
fication factor a_,
the emitter current as

and hence,

should vary inversely with
is observed experi-—

mentally.

A more exact calculation is made
pendix |l which also takes

changing field in the base region. The accurate

in Ap-
into account the

calculation and the approximate one given here
are both plotted in 5 against z. The
difference between them is not great, being at
less than 20 per
cent for z greater than about 4. Another ap-
is very good for z>2 may be

Fig.
most about 25 per cent and

proximation which
obtained by extrapolating the exact solution

to z = 0. This gives a straight line whose
equation is (2+z). Use of this instead of
(1+z) in the expression for a|Ee/a|Ep gives

pessimistic results for current gain at low

currents but very good values for high currents.

30

\

5]

FALL-OFF FACTOR,f(2)
a
T
=
=\ \~&
5 =
~

Fig. 5 - The fall-off factor, f(z), and (1+z) as

functions of z.

VI. Volume Recombination

The expression for the variation of base
current with emitter current due to volume

recombination (Eq. 5) does not involve o,
explicitly

Q1 I w2

~ VR VR = 1/2 —)

Olg, Vep L,

However, L, is dependent on base conductivity

through the average hole lifetime since L{ =)

Dpr. T, when it applies to holes lost by bi-
inversely pro-
in the
inversely proportional

recombination, is
to the number of electrons

molecular*
portional

base region and, hence,
to o,. Thus the expression

bination may be corrected

for volume recom-
in the same way as
the expression for emitter efficiency, i.e.,

91
91

.y ()
Ep Lb

(1 + =z (16)

Note that the volume recombination term\)

exhibits the same dependence on emitter current
as the emitter efficiency term.

Actually the volume recombination term
ought to involve an of the base con-
ductivity over the entire base region, whereas
simply the value of base conductivity near the
Appendix |Il gives a somewhat
more exact treatment which is trivially dif-
ferent from the result obtained here. This is
because most of the volume recombination takes
place near the emitter where hole and electron
Both calculations apply

integral

emitter was used.

densities are greatest.
to bi-molecular volume recombination.

There is)
some evidence that volume recombination becomes

mono-molecular at high values of z.°® In this
case, the variation with emitter current
vanishes and the volume recombination term is
2 .
W /4Dp'rm where ©_ is
lifetime for mono-molecular volume

replaced by BIVR/’dlEp =
the
combination at high

re-—

injection levels.

VII. Current-Amplification Factor vs

Emitter-Current Theory and Experiment

According to the preceding sections the
approximate equation for current gain as a
function of emitter current can now be written

by combining Egs. (14), (15) and (16):

*The use of the word bi-molecular in this case applies )\

to recombination proceedings at a rate proportional
to the product n-p. Mono-molecular refers to a
recombination rate proportional only to p. The
details of the recombination mechanism are not of
concern at the moment since capture cross—sections
and the |ike may be lumped into a single recombina-
tion coefficient.
3
387;

manium", Phys. Rev., Vol. 87, p. 1952.

R. N. Hall, "Electron-Hole Recombination in Ger- )
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('! . SWA a, W w2 The alloy junction transistof is a reasonable
wk: D_A o,L L, approximation to this case. Most of the quan-
tities involved in the expression can be mea-

sured fairly exactly for the alloy transistor.

where .
"A" should be the actual emitter area and W
, - W | (17a) approximately the base thickness measured by
D, Ao, the capacitance methods.*’® o, gnd L, are
determined by the material used. Dp and p, are
and g (z) is given by Fig. 4. The accuracy of known constants. However, no accurate method
this equation may be improved somewhat by using for measuring the quantities s, A , o, and Lg
the calculated curve of Fig. 5 for the emitter in alloy junction transistors has so far been
efficiency term but the difference is not developed. What is done, then, is to use values
(suaHy significant. for sAg and o,L, which give the best agreement .
The above equation is for the p-n—-p between theory and experiment. These values are
junction transistor. To apply it to an n-p-n reasonable ones and the agreement is good over
transistor, all that is required is to change a wide current range.
the subscripts on mobility and diffusion co- 6
efficients from e to p and vice-versa. Thus
for the n-p-n transistor: L 60
¥ \\\\
x
WA W w g
| . S [0} 2 £
_Lo2 28 g () ¢ (220w g ()] (142) (18) . \
atb DeA oeLe Lb gao
% \ LEGEND:
g \ — CALCULATED
3 © EXPERIMENTAL
wpo | <
20
C z = et (18a) :
D Ac 5
e b %}
10
Into the expressions for z (17a and 18a) ° L L F 20 25
may be substituted D_ = kTu_/e and D, = kTu,/e i )

. P P € . e Fig. 6 — Comparison of theory and experiment for a
where k is Boltzmann's constant and T is the typical p-n-p alloy transistor.
temperature of the transistor. Also, ue/up may
be set equal to the constant b which has a Fig. 6 shows the variation of current-
value of about 2 for germanium. Then: amplification factor with emitter current for

a TA-153 (p-n-p) transistor. The solid line is
We | ) . .
= "8t . % for the p—n-p transistor and the computed curve and the points are experi
kTAG mental data. The following values were used for
computation:
_ Welg | -3
* Y Tho ' ;—for the n-p-n. W = 4.8x10 cm (measured by the capa-
b citance method)
A =1.1x10"° cm? (known emitter area)
One sees immediately that, if all quantities o, = 0.45 mho/cm (known base conductivity)
except conductivity type are the same (i.e., L, = 0.14 cm (calculated from lifetime of
‘dentical geometry, diffusion length and con- 500 upsec)
ductivities) a., should vary less with emitter oolg = 1.55 mho (obtained from best fit)
current in an n—-p-n transistor than in a p-n-p sAg = . 147 cin®/sec (obtained from best fit)

transistor by a factor of b%%4 (for germanium). . /
QSee discussion in LB-915, 4 p-n-p Alloy Junction
; . . ,
ATl the detivations abeve, and those In Transistor for Radio-Frequency Amplification.

the appendices, apply to a geometry wherein s )
h it 1 N d t b LB-900, Equipment for Measurement of Junction Tran-
e emitter and collector arg assume o be sistor Small-Signal Parameters for a Wide Range of
parallel planes and "end effects" are neglected. Frequencies.
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D =

p = 44 cm?/sec and p, = 3600 cm®/sec volt

(known values)

from these:

0" = o = _‘*
oLt .0014, 2 (Lh) 6x10
and
W
z = Dpi;b lg = 800 g where I is in amperes.
175,

3

LEGEND:

CALCULATED
~@—0-EXPERIMENTAL

o
o

CURRENT-AMPLIFICATION FACTOR %cp
o=
)
|
|

n
o

[ T T 5
EMITTER MILLIAMPERES Ig

Fig. 7 — Comparison of theory and experiment for a
typical n-p-n alloy transistor.

The value of sA, is quite reasonable.
Fig. 8 shows the paths of hecle flow through a
junction transistor as calculated using an
The average TA-153
s, of
The analogue maps show that

analogue mapping technique.®
has a surface recombination velocity,
about 350 cm/sec.
nearly all of the surface recombination occurs
in a ring of width Ad around the emitter. This
has an area, A, of about nd Ad where d is the
emitter diameter. Further, the width Ad is of
~the order of W. For Ad = W = 4.8x10"°% cm and
nd = 0.12 cm, A, = .58x10”° cm®. Using s =
350 cm/sec, sA = 0.2 cm®/sec. This in very
good agreement with the value 0.147 cm®/sec
used to match theory and experiment.

is

*R. N. Hall, in his paper "Power Rectifiers and
Transistors" in the November, |952 issue of the
Proceedings of the IRE, ascribes the fall-off of
current gain to the increase in volume recombination
only. For the transistors described here, the decrease
of emitter efficiency is more significant.

®LB-916, The Variation of Current Gain with Junction
Shape ond Surface Recombination in Alloy Transistors.

10

The value of o.,L,, however, seems to be ¢
bit large. The existing evidence indicates a
value of o, of about 10° mho/cm. An intelligent

estimate based on an extrapolation of L from
measurements made on relatively pure material
to this value of conductivity would suggest
that L, should be about 10™* cm. However, such
an extrapolation
more than the result obtained above.

is probably to be questioned

Fig. 7 shows a similar comparison for a
TA-154 (n-p-n) transistor’ of essentially the
same geometry. Here, the following values were
used:

W=14.6x10"°% cm (measured as before)

A = 1.1x107° cm® (known)

op = 0.33 mho/cm (known)

L, = .28 cm (assumed)
Oele = 1.1 mhf } obtained from best fit
sAg = .11 cm”/sec

Do = 93 cm®/sec and u, = 1700 cm®/sec volt.

(known values)
From these o W/ogl, .0014

W2/2Lp = 1.3x107%, and z = 215 I.

The values of ool and sAg are about the same
which is re-
However, theagreement at low currents

as for the p-n-p transistor,
assuring.
is not nearly as good for the n-p-n as for the

p-n-p. The logical interpretation is that some
mechanism exists in addition to surface re-
combination which becomes less detrimental as
the current density increases. It is quite

conceivable that this may be either the transi-
tion from bi-molecular to mono-molecular volume
recombination or evidence of a patch-effect at
the emitter. In all, however, the agreement
between the analysis and experimental data

not too bad.
d JAdr—
-

EMITTER

i////ll"“ﬂlun|||mmmunlllll!lllll“\\\\\\

COLLECTOR

is

BASE
REGION

Fig. 8 — Analogue map of hole flow in an alloy tran-
sistor.

7LB—903, A Germanium n-p-n Junction Transistor by the
Alloy Process.

)}

)

)

)
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VIil. Conclusion

A number of corrections to the first-—
order theory for current gain are required to
explain the variation of current gain with
Three of these have been
in base

emitter current.
obtained by considering the change
injected minority

material conductivity with

1

carriers and the fields produced in the base
injected current density. New
volume re-

region by the
terms for surface recombination,
combination, and emitter efficiency have been
derived. The more complete theory gives reason—
able agreement with experiment.

U 277 dES o

W. M. Webster
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Appendix |

Surface Recombination

in the alloy type
transistor such as the one shown 8 made
by an analogue technique®, it has been deter-
mined that nearly all the surface recombination
in a ring around the emitter "dot".

From maps of hole flow
in Fig.

takes place
If this
holes recombining there per second gives rise

ring has an area A, the number of
to a current lgg =esA;p, where s is the surface

recombination velocity and p, is the hole

density at the emitter. Further,
Ol dp
—2R = seA L
Ble, S A,

In Section |ll the corrected expression
for hole current density was derived:

J, = —-eD

p
b b (1+ﬁ7}) grad p.

For the plane parallel case then,

p/N, JL}p/Nd)_ =1 | z

[1 + Ep - _ Eple - _ Z
I+p/N,  dx eD N A D, Ao, w
where A is the cross-sectional area of the

transistor for conduction and o, is the base
material conductivity (without injected hole
current). This equation assumes IEp is constant
throughout the base region and is sufficiently
accurate for a typical transistor.

This equation can be integrated to yield:

P zx
—_— + N = o
2 v In (1+p/Ny) =
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if x =0, when p =0 (i.e., at the collector).
For P/N4y small, this reduces to P/Ny = zx/W.
For P/Ny large, it becomes p/Ny = zx/2W. The
density of holes at the emitter, i.e., when

x = W, is given by

Pe

2 In (1+pg/Ny)= z

d

In order to substitute this quantity into the
expression for BISR/BIEP, 8pe/8|Ep is required.

This is obtained as follows:

d9p, Op, Oz O(p,/N ) N Wu_ Dip /N, ) W

alE 9z 91 dz D Ao dz eD A
P Ep P b P

From the equation which relates pg/Ny and z,
one obtains,

) N + N
Pelle . Belle 2 g (g
z 1+2p /Ny
g(z) is plotted in Fig. 4 against z. Combining,
one obtains:
a1l Ws A
SR = T s
31, 5 a @ (7
P P
As shown in Fig. 8, the area A  should be
ndAd where d is the diameter of the emitter dot

and Ad is the width of the "absorbing" ring.
A fair estimate of Ad for the TA-153 type alloy
transistor may be obtained from the analogue
in Section VII.

maps as is discussed
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Appendix Il

Emitter Efficiency

Since the effective diffusion coefficient
is changing with emitter current, p, is not a
linear function of IEp as was assumed earlier.
The more exact d-c equation for the ratio of
electron to hole flow across the emitter junc-

tion may be written as:

IEP - obW (1+£L)
| o L N

Ep e e d

where p /Ny is obtained from the equation
2pe/Ng —1n (1+pg/Ny) = z. Now,

9 N |+ N G)
hat 1TELTES "’, as before, = 1"Pe/Me  ang lEp—z=
dz 1+2p, /N, 8|EP
where z = Wup, IEp/DpAcb
Combining,
aIEe = Ob f (Z)
alEp e @

where f(z) = 1+pg/Ny + z (1+po/Ny)/(1+2pg/Ny).

-f(z) is called the "fall-off" factor and is
Al dip /N.) 9z plotted in Fig. 5 where it may be compared to
Ee =
Y = opWioel, [1+(pe/Nd)+'Ep 8; ‘ 31 ] (1+z), the approximate expression derived in
= i Section V.
Appendix lli

Volume Recombination

An analytic expression for volume
even for the simple,
case considered here. |f the
as most experiments
the d-c volume recombination current

re—
combination is impossible,
plane-parallel,
process is "bi-molecular",
indicate,

is given by:

w
lyvg = AR g p(Ng+p) dx where x is the

distance from the collector toward the emitter
and R
p is obtained from the equation:

is a volume recombination coefficient.

2p/Ngy =1n (1+p/Ny4) = zx/W.

Integration must be performed by graphical
techniques.

is not
are large.

Volume recombination, however,
important until lEp (and z)

the approximate expression which neglects

usually
Thus,

13

the logarithmic term may be used for p,

i.e., p = Ny zx/2W = Ipr/ZerA
N W | 2 W
Now, | = eAR [2_Efr + Ep 2dx].
oM Tvr 7€ [20 Re 4 X9x (2eDPA) IR
Integration yields:
2 2
lyw o RNWS 0 Ve W | RNGW 7
IEP 4DP 3eDPANd 4DP 3

It can be shown that 1, the average hole life-
time at alow injection level is equal to 1/RNy,.
Further L;;ZDPT. (The factor 2 comes in as an
approximation of the effect of the
field in the base region which, at high current
densities, essentially doubles the diffusion

electric
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coefficient). Combining these relations, one CAI 5 (i)e (1+3 2 )
obtains: alEp L, 3 )

; W o2 The approximate expression given in Section VI
"’“ = 3 (L—) (1+z/3). differs from this by the absence of the factor
Ee b 2/3. Since even this result is only approxi-

mate, the improvement in accuracy may usually

Taking partial derivatives: be considered trivial.
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