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Table II. The change of the principal energy gaps in
eV for a change in form factor of +0.01 Ry.

Vi Vazo Va1 Vaze
Ip-Tys  —0.116  —0.052  0.222  —0.265
Tps'-Tyy’ —0.132  —0.162 —0.190 —0.154
Xy-Xy -0.094 0.018 . 0.176 —0.102
Ips-X;  —0.154 —0.012  0.274 —0.206
Lg'-Ly -0.018 0.192 0.258 —-0.152

given in Table II.

The simplicity of the (1s)? cores of carbon
have inspired orthogonalized plane-wave'” band
calculations, but it was not obvious a priori
that the EPM method would be successful for
diamond. The success of this method presum-
ably relies on the applicability of the Phillips
cancellation theorem.!® However, the absence
of p core states means that the kinetic energy
of the valence p electrons is not cancelled.!®
The apparent success of the EPM method for
diamond probably arises from the fact that the
valence p states have small probability of be-
ing in the core because of the form of the p
wave function, and therefore complete cancel-
lation is not imperative for these states.

One of us (MLC) benefitted from conversa-
tions with Dr. Frank Herman and Professor
J. C. Phillips.
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RICHARDSON-SCHOTTKY EFFECT IN INSULATORS*
P. R. Emtage and J. J. O’Dwyerf¥
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(Received 31 January 1966)

The Richardson-Schottky formula for therm-
ionic emission from a metallic cathode into
the conduction band of an insulator is frequent-
1y* stated as

J - dnem(k T)ze—((po—A(p)/kT.

S /8 @)

In this expression ¢, is the work function, and
the Schottky term is given by

A<p=(ech/€)”2, (2)

where € is the dielectric constant, and F, the
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field strength immediately in front of the cath-
ode. It has recently been pointed out by Sim-
mons? that this expression is invalid when the
mobility of the electrons in the dielectric is
low, for if one determines the density of cur-
rent carriers in the insulator, n, from the
relationship

J=neuF, (3)
one may then find that » becomes so large that

back-diffusion from the dielectric to the metal
will occur. Unfortunately Simmons’s discus-
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sion omits mention of the relative importance
of space-charge effects and of diffusion cur-
rents, and of the cases in which we should ex-
pect one effect or the other to dominate.

The model under consideration is an insula-
tor free of trapping centers, uncharged, and
containing no conduction electrons in its nor-
mal state; the only space-charge effects that
occur are associated with injected conduction
electrons. We propose to show that, under
these circumstances, it is usually possible
to consider effects that occur near the cath-
ode separately from effects that occur in the
bulk of the dielectric.

(a) Bulk effects.—For the moment we suppose
that the emission characteristics of the cath-
ode-dielectric system are known, the current
density being written

J=d(F ), (4
where ¢, is the metal dielectric work function.
The standard treatment of space-charge limit-
ed emission®* is to suppose that diffusion cur-

rents are negligible, and to use Poisson’s equa-
tion

8F/8x = 4mne /€, (5)
which, together with (3), yields
F={Fc"’+87er/€u}”2. (6)
A characteristic length L defining the rate of

change of carrier density and electric field
may be found,

on
L~n/ax—€Fc/41me. )
From Eq. (6) we see that the condition that
space-charge effects shall be negligible is
87rJd/eu<<FC2, or Fc > 8mned/c. (8)
These results hold only if the diffusion current,
Jgiff=kTudn/dx, is much less than the field

current. The ratio of these currents is readily
found to be

I izt
- 2
41k Tn 0 / ch
=4(carrier thermal energy density)/

(electrostatic field energy density). (9)
(b) The cathode current.—In the neighborhood

of the cathode an electron has a potential energy

eg0=e<p0—eFCx—ez/4€x, (10)

the term e?/4ex being due to image forces.
This function is sketched in Fig. 1. The poten-
tial reaches a maximum value ¢,—A¢@ at a dis-
tance x, from the interface, where Ag is given
by Eq. (2) and where

0=(e/4Fce)”2. (11)

It is now of interest to consider some typical
figures. Suppose that

FC=105 V/cm, €=6, n=10'%/cm?® T =300°;

one finds, from Egs. (9), (8), and (7),
J4i¢/7=0.01,
space charge small if d <1500 A,
L=3000 A,
while from Egs. (2) and (11) we obtain
A@=0.05eV, x,=25 A.

The value of » chosen here is very large,
corresponding to a work function of only 0.2
eV, and Schottky emission is not normally ob-
served for fields less than 10° V/ecm. We may
therefore feel confident that the ratio Jgifg/J
will be small, provided that the metal-insula-
tor contact is a non-Ohmic contact, and that
the characteristic length associated with the
variation of the space charge will be at least
several thousands of angstrom units. However,
since the rapid variations in the potential (10)
take place within 50 A in front of the cathode,
the field F, in (10) may be regarded as being
nearly constant, and space-charge effects can
be ignored altogether in the calculation of the

~_ A®

FIG. 1. Potential energy of an electron near the
cathode surface.
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cathode characteristics.

When the mobility is low, diffusion currents
control the total cathode current; we therefore
write

J=ne udp/dx +kT udn/ox, (12)

with ¢ the potential given by (10). On taking
J and u to be constant, and solving for n, we
obtain

—e(,O/kaN+_J_

n(x)=e R,

X
ee(p/dex’}, (13)

with the boundary condition
N =2(2mmkT/h?)%?, (14)

being the density of electrons at x =0. To cal-
culate the integral in (13) with the potential (10)
we require the following results:

foooe—(ax + b/x)dx

- (b/a)”zf ” Gﬁ)lﬂexp[—(ab)”zy]dy

~1/a if (ab)'?«1, (15)
2ﬂ1/2(b/a3)1/4 exp[_z(ab)l/z]
if (ab)'/2>>1. (16)

x o0 _ _
j‘ e—(ax+b/x)dx zj . (ax+b/x)dx_i_e ax
0

1]
if x> (b/a)'’?. 1)
Using (15) and (17) in (13) we obtain the low-
field approximation
n(x) =J/e uF +exp(e Fx /kT)
x{N exp(—e @,/kT)~J /e LF}.

To avoid divergences the coefficient of the ex-
ponential term must vanish and

J=N exp(—e@,/kT)e LF, (18)

which is the usual result for low fields.
For the high-field case we use (16) and (17)
in (13) to obtain, for large values of x,

n(x) =dJ/e uF + exp(eFx /e T){N exp(—e @, /kT)

J  (mkT)'/?

T e R l
+kTu (4eF3¢)74 exp(-Ag/k T)S ,

from which
PT 1/2
J:Nu<—7—7—> (4e F2e)'*exp[—e(¢,~A@) /R T], (19)

and
n=dJ/euF.
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Equation (19) gives the current for the extreme
case in which the current in the insulator is
diffusion controlled, while the Schottky current,
Eq. (1), represents the greatest current that
can flow across the interface when no scatter-
ing occurs in the insulator. The ratio of these
two currents is

JS/J=e/2um1/2(ch3e)”4. (20)

The cathode current is diffusion controlled

when this ratio is greater than unity, and Eq. (19)
should then be used; when the ratio is less than
unity the Richardson-Schottky equation will hold.
The ratio may be set in a more perspicuous,
though less useful, form by expressing the
mobility in terms of the electron mean free

path, A, and velocity, v,

L=ex/muv.
One then finds, from Egs. (2), (11), and (20)
JS/J= (va/Aq?)”sz/x-

The appropriate value of v in this expression
is doubtful, but clearly the ratio of energies
is of the order of unity. We therefore reach
the intuitively obvious result that diffusion ef-
fects become important when the mean free
path of the electrons is comparable with the
distance from the cathode to the potential max-
imum.

In practical units, Eq. (20) shows that diffu-
sion limiting becomes important when the in-
equality

uF%455 (21)

is satisfied, u being in units of cm?® V/sec, and
F in MV/cm.

We have not been able to find any unambig-
uous evidence of the existence of diffusion-
limited Schottky emission in the literature.
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