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5. INTERNAL CoNTACT POTENTIALS

The theory of p-n junctions presented above has interesting consequences
when applied to the distribution of potential between two semiconductors
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Fig. 9—Internal contact potentials showing how presence of injected holes produces a
contact potential across J».

under conditions of hole or electron injection. In Fig. 9 we illustrate an
X-shaped structure. A forward current flows across the junction P and
out of branch Ny . If the distance across the intersection is comparable with
or small compared to the diffusion length for holes, a potential difference
should be measured between Ps and N». The reason for this is that holes
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flow easily into P, since the potential distribution there favors their en-
trance. Since, however, P, is open-circuited this hole flow biases J» in the
forward direction; since J» i3 high resistance, an appreciable bias is developed
before the counter current equals the inward hole flow and a steady state is
reached. No similar effect occurs in the branch Vs ; consequently P, will be
found to be floating (open-circuited) at a more positive potential than N, .

Parts (b) to (e) describe this reasoning in more complete terms. We
suppose that the p-regions are more highly conducting than the »-regions
so that the current across Jy, shown in (b), is mainly holes. The potentials
¢, and ¢, along the x-axis will be similar to those of Figs. 5 and 6; (c) shows
this situation and indicates that the diffusion length for electrons in the
p-region is less than for holes in the n-region. Along the ¥ axis ¢, and ¢,
vary as shown in (e), the reasoning being as follows: At the origin of coordi-
nates ¢, and ¢, have the same values as for (c). The transverse hole current
(d) has a small positive component at y = 0 since, as mentioned above, P,
tends to absorb holes and thus increase diffusion along the plus y-axis.Since
the net transverse current is zero, [, = —I, in (d). The ¢ curves of (e)
have been drawn to conform to the currents in (d); ¢. is nearly constant
in the n-region and ¢, is nearly constant in the p-region. As concluded in
connection with Figs. 5 and 6, ¢, and ¢, are also nearly constant across the
transition region. These conclusions lead to the shape of ¢, and ¢, for y > 0
in (e). For y < 0, the reasoning is the same as that used in Sections 3 and 4
and we conclude that ¢, is essentially constant. Hence, a difference in the
Fermi levels at P, and N, will result.

In Fig. 10 we show a structure for which we can make quantitative calcu-
lations of the variations of ¢, and ¢, . We assume for this case that the
forward current from P; to NV does not produce an appreciable voltage drop,
i.e. change iny and ¢, , in region N. This will be a good approximation if the
dimensions are suitably proportioned. We shall next solve for the steady-
state distribution of p subject to the indicated boundary conditions assuming
that p is a function of » only. As we have discussed in Section 4.1, when p is
small compared to » in the n-region, we can write

p = pu eq(\ap-wn)lkT (5.1)

In keeping with the treatment in the next section of this structure as a
transistor, the terminals are designated emitter, collector and base, the po-
tentials with respect to the base being ¢, and ¢, . The contact to V or the
base is such that ¢, = ¢, in this region. Hence, the boundary conditions at
Jiand J, are

P = pa c“"r"el"'-"f r = —w (5'2)
Pﬂ - P" eqy’c”ﬂ" r = +‘10 (5-3)
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The function p(x) which satisfies these boundary conditions and the equation

is
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Fig. 10—Model used for calculation of internal contact potential and to illustrate p-n-p

transistor.

(a) Semiconductor with two p-n junctions and ohmic metal contacts.
(b) Quasi Fermi levels showing internal contact potential between & and c.

which gives rise to a hole current across J» into P, of amount
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where, by 7,0 (¢), we mean the hole current which would flow in the forward
direction across either J, or J» if uninfluenced by the other (i.e. the function
of (4.11) or (4.18) and (4.20).) The equation shows that a fraction csch
(2w/L,) of the current 7, (¢.), which would be injected by ¢ on P; in the
absence of J,, flows into P». The conductance of P, across J» is increased
by the factor coth(2w/L,). .

The current inlo P, carried by electrons will be unaffected by J; and can
be denoted by —7,0(g.) the minus sign resulting from the fact that currents
into Py are in the reverse direction. The total current flowing info P» contains
the —TI.o(p.) and —1 () terms and must cancel the +7,0(p,) term for
equilibrium. Hence:

I0(¢c) + coth (zw/Lp) Ipo(ﬁpc) = csch (2w/Lp) Ipo(‘PE) (57)

If pn 2> n,, the I,p term can be neglected compared to coth (2w/L,) Iy .
Hence the value of ¢. must satisfy

Iolee) = sech (2w/Ly) I yo(ee). (5.8)

For ¢. > kT/q, the exponential approximation may be used for I, in both
terms:

v. = ¢ — (kT/q) In cosh (2w/L,), (5.9)

so that, if (2w/L,) is the order of unity, ¢, should be only about (£7/q)
less than ¢ . For (2w/L,) large, we get

Pe = Pe — (kT/g) (.zw/]‘p} (510)

corresponding to the linear drop of ¢, , discussed in connection with equation
(4.9), across the distance 2w.

When ¢. is negative, so that we have to deal with reverse current, ¢,
will not decrease indefinitely but will reach a minimum value given by

[exp gee/kT) — 1 = —sech (2w/Ly) (5.11)
and corresponding to saturation reverse current across Jy, so that
¢. = —(kT/¢) In [1 + (1/2) csch*(w/L,)]. (5.12)

The floating potentials of p-type contacts to n-type material into which
holes have been injected (or n-type contacts to p-type material with in-
jected electrons) are reminiscent of probes in gas discharges which tend to
become charged negative in respect to the space around them because they
catch electrons more easily than positive ions. The situation may also be
compared with that producing thermal e.m.f.’s; in fact a “concentration
temperature” of the semiconductor with injected holes can be defined by
finding the temperature for which np = n3(T). We conclude that, in the
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absence of thermal equilibrium, different potentials depending on the nature
of the contact are, in general, the rule rather than the exception.

The bias developed on P; or ¢ will change its conductance. If we suppose
that ¢. and ¢, are held constant, then the current flowing into ¢ is obtained
by the same reasoning that led to (5.7) and is

2w

I Ino(ed). (5.13)

2%
I(¢:, we) = I(gs) + coth “Li) Ipﬁ(ﬁﬂc) — csch
»
For an infinitesimal change in ¢, from the value which makes I(ec, @)
vanish, the admittance to ¢ is readily found from (4.18) and (4.19) to be

I ’ 2
(a.a) = IﬁD(‘PC) -t coth L’iy I;D(Wc)
Def ¢ P (5 14)

l

|:Gn0 + coth 2w G,Ju—l e
L,

which shows that pronounced variations in admittance should be associated
with variations in hole density in N in Fig. 10.”

6. p-n-p TRANSISTORS

The structure shown in Fig. 10 is a transistor with power gain provided
the distance w is not too great. As a first approximation, we shall neglect
the drop due to currents in the NV region. If we use Py as the collector and call
the collector current, I, , positive when it flows into P, from outside, we shall
have from (5.13)

2 2w
I, = —csch L_w IpD(‘Pe) + coth f I:nﬂ(ch) + Inﬂ(‘,”e)- (61)
P P
The emitter current is similarly
2u 2
I, = coth I_:a_u Io(e) — csch Liu Io(ed) + Tu(ed)- (6.2)
P »

If o >> n,, then the 7, terms can be neglected. However, the base current
will not vanish but will be

I,=—1I,—I.=|csch 2w coth 210:] pled + Inoled)]
, L,

2 sinh® w/L (©3)
sl w/ Ly
= e [led) + 1 .
Slnh 2W/Lp [ pﬂ(ﬂa ) pG(ﬁcC)]

16 The variations in admittance discussed in connection with metal point contacts in
an accompanying paper in this issue (W. Shockley, G. L. Pearson and J. R. Haynes, Bell
Sys. Tech. JlI., July, 1949), arise from this cause; however, the nature of the contact is
not as simple as here.
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For w/L, large, the junctions do not interact and the hyperbolic coefficient

becomes unity and [, = —[[,0(ee) + Lles)]-
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If ¢ is several volts negative, so that I,(p.) has its saturation value

I,: (see (4.11) and (4.20)), then the ratio —éf./é1.

2w

o1, csch f;
a=—— = ——F = gech

oL coth-ziv

L,

a has the value

(6.4)

For (2w/L,) = 0.5, 1, 2 respectively, « = 0.89, 0.65, 0.27. Since the output
impedance Rae will be very high when ¢, is in the reverse direction, and the
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input impedance will be low, the power gain formula'® o Ran/Ry will yield
power gain even when « is less than unity.

In certain ways the structure of Fig. 10 resembles a vacuum tube. In Fig.
11, we show the energy band diagram, with energies of holes plotted upwards
so as to be in accord with the convention for voltages. (a) shows the thermal
equilibrium distribution and (b) the distribution under operating condi-
tions. It is seen that the potential hill, which holes must climb in reaching
the collector, has been reduced by ¢. . The #-region represents in a sense the
grid region in a vacuum tube, in which the potential and hence plate current,
is varied by the charge on the grid wires. Here the potential in the n-region
is varied by the voltage applied between base and emitter. In both cases one
current is controlled by another. In the vacuum tube the current which
charges the grid wires controls the space current. Becausé the grid is negative
to the cathode, the electrons involved in the space current are kept away from
the grid while at the same time the electrons in the grid are kept out of the
space by the work function of the grid (provided that the grid does not
become overheated.) In Fig. 11, the electrons flowing into the base control
the hole current from emitter to collector. In this case the controlled and
controlling currents flow in the same space but in different directions because
of the opposite signs of their charges.

As this discussion suggests, it may be advantageous to operate the p-n-p
transistor like a grounded cathode vacuum tube, with the emitter grounded
and the input applied to the base.

The p-n-p transistor has the interesting feature of being calculable to a
high degree. One can consider such questions as the relative ratios of width
to length of the n-region and the effect of altering impurity contents and
scaling the structure to operate in different frequency ranges. However,
we shall not pursue these questions of possible applications further here.
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APPENDIX I

A THEOREM ON JUNCTION RESISTANCE

We shall here prove that the junction resistance is never less than the value
obtained by integrating the local resistivity 1/gu(p + bn). This is accom-
plished by analyzing the following equation which we shall discuss before
giving the derivation:

Th ‘
Isp = _f ( >+ )dx + g¢ f (pp — @n) (" —1) d,

the meaning of the symbols being that shown in Fig. 5. This expression is
valid even if large disturbances in p and # from their equilibriumvalues
occur. The second integral is positive since the integrand is never negative.
It may be very large if ¢, — ¢. >> kT/q in some regions. If, in the first in-
tegral, we consider that 7, and 7, may be varied subject to the restraint
I, + I, = I, we may readily prove that the first integrand takes on a mini-
mum value when
pI _ bad

Ip:p—t—b”, and In_P_—f—_bﬂ..

For this minimum condition, the first integral becomes

I fzb dx/qu(p + bn) = IRy

where Ry is simply the integrated local resistivity. If I does divide in this
way, the second integral is zero, a result which we can see as follows:

I, = —qup dp,/dx
I, —qubn dp,/dx

dep/dx - I,/p
deo/dx  I./bn

Hence, if the current divides in the ratio of p to bu, then dep, = dg, and,
since ¢, = @, at ¥, ¢, = ¢, everywhere and the second integral vanishes.
In general, of course, the conditions governing recombination prevent
current division in the ratio p:én and then dp/7 > Ry .
The equation discussed above is derived as follows: We suppose that

¢p(¥a) = on(¥a) = ¢u

‘Pp(-”l) = ﬁ,’.“,‘(.l'b) =@ "
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Then

-
Ide = —(Tpep + L¢n)

Ta

zh d
= _Lu H’_l (Ip‘!’p'!l' Inﬁ"n) dx

oty [ )

Since
dl, _ _dlx _ e kT
Jr . dx qe(1 4 )
and
dtpp dﬁon
¥ — Ybn o I,/ qub
T o/t o L./ qubn

these two integrals are readily transformed into the ones previously dis-
cussed.

APPENDIX II

ADMITTANCE IN A RETARDING FIELD

We shall here derive the admittance equation for holes diffusing into a
retarding potential ¢ = kTx/gL, in which the potential increases by kT in
each distance L,. The differential equation for the a-c. component of p is

iwp = —L 9| _p9 A4
top = Tp axl: ax =4 89:]

This equation may be solved by letting p = p1 exp(iwt — ) as may be
seen by rewriting the equation and substituting this expression for p:

ap 1 ap Y
D [6? L, 6r:| T2 o (Ut dem)p

- —fyD[—v+%~]p ~ 2+ iwr)p =0
r Tp

leading to

14U+ QL/L)YA + dwrp)]”
L 7L, :
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The corresponding current evaluated at x = 0 where p = p exp(iwf) =
(pagui/kT)exp(iwt) is given by

_ .l p? id
r= Q[Da;v+#?> 6.17]

1
= '_Q'DI:“"Y‘i‘E]P

_ q(1 + dwry)p

YTp
_ png (14 dwl) 2L, Lt
T H, U+ [T+ QL/L)M1 + dwr)?  ™°
 qupa2L, (L + iwry) e
T I 1+ 0+ QL/L)MA + der)] T T
= A,,‘Ul Eiwt.

This is equivalent to (4.32) in Section 4.
APPENDIX III

ADMITTANCE FOR Two LAYERS

We shall here treat a case in which there is a thin layer on the n-side of
the transition region in which recombination occurs much more readily
than deeper in the n-layer. The case of an infinitely thin plane, discussed in
‘Section 4, is a limiting case of this model. We shall suppose that the layer
extends from & = —¢ to x = 0 while x > 0 corresponds to the n-region. We
shall suppose that the potential in the layer is uniform with value 1 whereas
in the n-region it has value ¥, . The lifetimes of holes will be taken ; and 7,
in the two layers. The solutions for p; and p; are evidently

b= put (A6 + Be™ d <o

pr = pm+ C e x>0
where

a=(14+iwr)"?//Dr =1+ in:)m/L

B = (14 iwr)?//Dry = (1 + iwry)"/Ls.

The boundary condition for continuity of ¢, , required to avoid singularity
in dg,/dx, is
P ngz.'kr = p ethkr
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and, for continuity of hole current, is dpi/dx = dps/0x. Expressing these
in terms of 4, B, C, a and  for the a-c. components yields:
A+ B=CeW ¥ = CF
ald — B) = 8C

so that

A = (F+ Bla)C/2.

B = (F — B/a)C/2.
Hence the ratio —[dp/dx]/patx = —cis

_dlnp _ a(det™ — Be ™) _ a(Fa sinh ac + 8 cosh ac)
dx (A etee 4 Bee) Fa cosh ac + 8 sinh ac

Since at ¥ = —e¢, the a-c. component of py is (gu/kT) ploe‘”‘, the admittance is
po

—qDop/ox

4 = 7y £ = (qz Dﬁm/kT)(-a In p/0%)

Fa sinh a¢ + B cosh ac
Fa cosh ac + 8 sinh ac’

(qupr/ L) (1 + jory) 2

For ¢ — 0, this transforms into
(qupro/L1) (1 + iwn) "8/ Fa = (qu(pw/F)/L)(1 + iwrs)

which agrees with Section 4, since piw/F then corresponds to p, .

If ¢/L; and F are not large, an appreciable amount of recombination
takes place for x > 0 for low frequencies. Dispersive effects will then occur
corresponding to 72. The a-c. will not penetrate to x = 0, however,
if ¢(w/D)"* >> 1 and the dispersive effects will then be determined by . .

The frequency-dependent part of the admittance,

1/2

Fea sinh ac + 8 cosh ac

(1 + dwr) Fa cosh ac + B sinh ac’

has been computed and is shown in Fig. 7for 7, = 7, F = 1,11 = 72/9 and
¢/L; = % For these values about half the hole current reaches x = 0 for
low frequencies. As the time constant for diffusion through the layer is 7,/81,
as discussed in Section 4.6, the layer will act as a largely frequency-inde-
pendent admittance well above the point for wr, = 1. This is reflected in
the behavior of the curves of Fig. 7 and, for frequencies in the v/ wl range,
it is seen that G is larger than .S by about 50% of the low-frequency value of
G; this split of G + iS5 into (§)Gs plus approximately (3)Go (1 + iwr )" corre-
sponds to the fact that about half the holes are absorbed in layer 1 for the
assumed conditions.



