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Summary-—In order to obtain a high current amplification factor,
it is important in transistors that the ratio of the injected minority
carrier current over the total emitter current, v, be close to unity,
or that the quantity 1-—+, called the injection deficit, be as small as
possible.

It is shown that the injection deficit of an emitter can be de-
creased by several orders of magnitude if the emitter has a higher
band gap than the base region. This effect can be utilized either in
addition to the commonly used high emitter doping in order to
eliminate the alpha falloff with current, or to decrease the high
emitter doping in order to obtain a lower emitter capacitance.

Decreasing the emitter capacitance in high-frequency transistors
may be utilized either to extend their frequency range or to increase
their power capabilities by increasing the area. T

INTRODUCTION

N important quantity characterizing the emitter
A of any transistor is the emitter efficiency, v, de-
fined as that fraction of the total emitter current

that is minority-carrier injection current. Since the cur-

rent amplification factor, a.,, is proportional ‘to v, it is

desirable that v be high. Actually, it is very important
that v be close to unity. In the usual grounded-emitter
operation the current amplification factor of the tran-
sistor is '
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From this it follows that a change of v such that «,, in-
creases from 0.98 to 0.99 (percentagewise a very small
change of about 1 per cent) increases ag from about 49
to about 99, that is, by a factor of two. It is therefore
more appropriate to consider the “injection deficit” 1 —v
=(1—)/v rather than « itself as a measure of the
transistor performance. In a good transistor, the injec-
tion deficit ought to be small.
In a p-n-p transistor,
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where j, and j, are the densities of the hole and electron
currents at the emitter junction. In order to obtain a low
ratio of electron to hole current, it is necessary in a semi-
conductor with constant band gap to dope the p side of
the junction much more heavily than the # side. There
are practical limits, however, as to the magnitude of
doping possible, and there are situations where a high

* Original manuscript received by the IRE, April 12, 1957; re-
vised manuscript received, July 29, 1957. .
t RCA Labs., Princeton, N. ]J.

doping of the emitter is undesirable for other reasons.
In all cases, an improvement could be obtained if the
injection deficit could be decreased by other means
instead of, or in addition to, the high doping.

The purpose of this paper is to point out that it is
possible to lower the injection deficit by using an emit-
ter material with a wider band gap than the base ma-
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Fig. 1—Band structure of a wide-gap emitter junction. (a) With
constant gap outside the depletion region and (b) with linear gap
variation inside the emitter.

terial (Fig. 1).! The reason for this is that in such a case

- the activation energy (or contact potential) ¢V, for

electrons flowing from the base into the emitter is higher
than the activation energy (or contact potential) ¢V,
for holes entering the base from the emitter (see Fig. 1).
The difference in activation energies is the difference in
bandwidth, AE. Since the activation energy enters ex-
ponentially into the current-flow equations, this means
a decrease in the injection deficit by a fraction of
e)_cp( —AE/kT),all other things being equal. This is shown
quantitatively in the next section.

1 It has been pointed out to the author that this principle was
first suggested by W. Shockley in U. S. Patent No. 2,569,347, issued
September 25, 1951, '
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THE INjECTION DEFICIT IN A WIDE-
NARROW JUNCTION

We introduce the following notation:

Jm jp=electron and hole current densities at
the junction.
D,,, D, =diffusion constants for electrons in the
emitter and holes in the base, and
L., Ly =corresponding diffusion lengths.
Moey Pob =equilibrium minority carrier densities
in the emitter (electrons) and the base
(holes) adjoining to the junction,
V =applied bias.
N4, B =Iintrinsic carrier densities of the emitter
and base semiconductors.
P,, Ny=net acceptor density in the emitter and
net donor density in the base.

=effective m_é.sses of the electrons and the
holes in the emitter region and the base
region.

mna*, mpc*
mﬂb*' mpb*

E,, Ey=emitter band gap and base band gap.
AE,=E,—F,.

With this notation for a simple p-# junction,?
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Furthermore,
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Therefore,
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This expression differs from that for a j'unction between
semiconductors of equal band gaps by the factor

* We treat the case of a simple p-n junction rather than a tran-
sistor to obtain more symmetrical notation. In a transistor with a
base width ws<<L s, one has to replace Ly by w and to omit the “mi-
nus one” behind the exponential factor. For the derivation of (4) see
W. Shockley, “The theory of p-n junctions in semiconductors and

-n junction transistors,” Bell Sys. Tech. J., vol. 28, pp. 435-489;
fuly, 1949,
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of which the important part is the exponential factor.
If, for example, AE is 0.2 ey, then at room temperature
kT=0.025 ev and AE/kT=8. Assuming the effective
masses to be identical, the injection deficit is then de-
creased by a factor of ¢~8=1:3000.

If the band gap in the emitter region is not constant
but increases linearly with increasing distance from the
junctions [Fig. 1(b)], (8) still does not give a full ac-
count of the change in injection deficit. If the above AE,
is the gap difference across the depletion layer and if
AE_ is the gap variation along a diffusion length, L.,
in the emitter, then it can be shown that the factor
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has to be added to (4a), (8), and (9). For AE;>>2kT

HAEL) — L
=y
Y AEL

<1, (10b)

Therefore, a band-gap variation outside the depletion
layer also reduces j./j,. However, this is to a smaller
degree, namely only linearly rather than exponentially.

Eq. (8) does not hold for arbitrarily large AE’s, how-
ever. This is because (4a) holds only so long as the den-
sity of electrons injected into the p-type region remains
small compared to the electron density in the source,

"that is in the n-type region. The analogous statement

holds for holes. Mathematically this means
Vo — V> ERT.

(11a)
(11b)

In a p-type wide-gap emitter V,> V, and (11a) is ful-
filled automatically if (11b) is. Consequently, (8) holds
only for voltages that satisfy (11b). But, (11b) also im-
plies that for a workable wide-gap emitter V, must not
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Fig. 2—Wide-narrow junction with negative Vy, due to a low
" doping ratio. Not suited as wide-gap emitter.

be negative. Therefore, a structure like in Fig. 2 would
not be a good wide-gap emitter because the minority
carrier density in the base is larger than the majority
carrier density in the emitter.
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ALPHA AND ALPHA FALLOFF

In order to estimate the influence of the. decreased
injection deficit upon a. in a transistor, one has to take
the recombination losses into account. If p is the fraction
of injected carriers that recombine on the way to the
collector, then for p<1, from (1) and (2)

zp+(1—7)zp+j,_"' (12)

Qeh ?

If ja/j» is small compared to p, a is determined solely
by the recombination losses. This is the case for many
transistors at low injection currents. At high injection
currents the injected hole density in the base becomes
comparable to the donor density. To maintain electrical
neutrality, the electrons in the base increase by the same
number. This means that the electron current into the
emitter is bigger than the value given by (4a) by the
factor by which the electron density has increased. For
increasing current, therefore, j./j, is not constant but
increases (linearly) with current. Eventually Ja/i» be-
comes comparable with and larger than p, resulting in
the well-known alpha falloff.?

If the emitter has a wide band gap, the ratio j,/j, in-
creases with current by the same factor as for an or-
dinary emitter. Since on an absolute scale, however,
in/j» is lower by the factor (9), the alpha-falloff effect
sets in at much higher current densities. Since j./j, in-
creases linearly with the total current, alpha falloff sets
in at currents which are bigger by the reciprocal of (9),
compared to an otherwise identical constant-gap tran-
sistor. In our numerical example of AE =0.2 ev, the alpha
falloff sets in at 3000 times the current. This means the
alpha falloff is practically nonexistent.

CAPACITANCE

Another consequence of the exponential factor in 9)
is the following:* In many transistors for small-signal
operation, it is of not primaryimportance to minimize the

falloff effect to the point of vanishing. In these cases the -

exponential factor may be used to decrease the doping
in the emitter by this same factor (9) and still have an
unchanged falloff characteristic. It would then be pos-
sible to have a usable emitter efficiency with an emitter
that has a considerably lower impurity density than
the base region. This, however, would imply a reduced
emitter transition capacitance.

In the case of audio-frequency large-signal transistors,
the emitter transition capacitance is of no great im-
portance while alpha falloff is a very serious effect. In
this case one therefore should maintain the high doping

3 W. M, Webster, “On the variation of junction transistor cur-
rent-amplification with emitter current,” Proc. IRE, vol. 42, PpP-
914-920; June, 1954,

4 H. Kroemer, “Zur theorie des diffusions und des driftransistors,
: Kart IIL,” Archiv der Elekirischen Uberiragung, vol, 8, pp. 499-504

ovember, 1954,
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in the emitter. The situation is completely reversed,
however, for very-high-frequency transistors, like the
drift transistor or the p-n-i-p transistor. In these tran-
sistors the current amplification factor is, under usual
operating conditions, not limited by the injection deficit
but rather by transit time effects. The low-frequency
alpha falloff therefore is not an important quantity in
this case. However, since high-frequency transistors
have a rather high impurity density in the base region,
the emitter capacitance is rather high. As a result, the
emitter capacitance often becomes the limiting factor
for the over-all frequency behavior of the transistor. In
such a case, a wide-gap emitter with a lower doping
might improve the over-all frequency limit considerably.

Quantitatively, the capacitance of an abrupt junction
is® (per unit area)

ge NP 1

i SE— (13a)
8r N+ P VH+V,

C =

where V, is the contact potential. If the two sides have
a different dielectric constant,

gealN -e, P 1
C = 1/ . (13b)
8r(eaN+e,P)V + V,
If P> N this simplifies to
genlNV
C= /‘/——————— (14a)
8r(V + V)
while for PN
P
C = ,‘/_9"'__. (14b)
8 (V+V,)

If, in a constant-gap transistor, a doping ratio P: N =30
is assumed as an example, the introduction of a 0.2 ey
wider emitter band gap allows a reduction of this ratio
by 1/3000, namely to P: N =1:100 without a change in
v. The capacitance, then, would be decreased to one
tenth of the original value assuming identical dielectric
constants,

A reduction of the emitter capacitance of this order
could be utilized either to increase the frequency limit of
the transistor or to increase the emitter (and collector)
area. In the latter case, one would obtain a higher power
capability for the same frequency response.

THE WIDE-GAP COLLECTOR

The use of a wide-gap semiconductor in the collector
region would have an advantage only if the collector
region at the same time had a lower impurity concentra-
tion than the base region.* Then one would obtain the
lower collector capacitance of a high-resistivity collector
region without the increased saturation current that is
associated with a higher resistivity collector region in the
constant-gap transistor.

5 Shockley, loc. cit.



