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We present a new interpretation of the anisotropy of the conductivity in thin films of
amorphous Ge and Si. The interpretation is based on a transition from percolation con-
duction to Miller and Abrahams's conduction at small film thickness. A simple theory,
together with experimental data, is presented. The comparison between them is found
to be good.

Recently one of us reported observations of an
anisotropy in the conductivity of thin films of
amorphous germanium. ' The anisotropy was ten-
tatively interpreted as arising from voids. We
present here an alternative explanation.

Qualitatively, an anisotropy similar to the one
observed had been predicted by one of the auth-
ors' as arising from a transition in thin amor-
phous films from conduction along critical per-
colation paths to conduction along paths more
similar to those proposed by Miller and Abra-
hams' (MA). An alternative way to understand
this transition is to realize that as a result of
fluctuations, relatively large regions have a con-
ductance much higher than the bulk. Such re-
gions will constitute shorts across thin enough
films and dominate the transverse conductance.

We present here a simple theory for the aniso-
tropy caused by such a transition, and compare
it with experimental data in a-Ge and a-Si films
(a for amorphous). For germanium we use the
parameter recently obtained from measurements
on the longitudinal conductance in thin films. '
The agreement between the experimental results
and the simple theory will be shown to be reason-
able.

We summarize briefly the theoretical cause
for the anisotropy in the conductivity discussed
in Ref. 2. The reason why the MA theory does
not normally work is that it restricts conduction
to very specific paths, formed by making every
step through the smallest impedance in the for-
ward direction. ' The probability that every such
step is smaller than a certain value is the prod-
uct of the probabilities that ea.ch individual step
is smaller than this value. Since the probability
for each step is smaller than unity, the product
must go to zero for a very large number of steps.

Homever, the approach to zero with increasing
number of steps N is not rapid. If the number of
steps is not very 1.arge, as is the case in trans-
verse conductivity through thin films, the MA
paths are not ruled out. In fact, the conductance
through the MA paths is, up to a certain thick-
ness, larger than the conductance through per-
colation paths. In the following we shall assume
that when this happens the conductivity of the
films is well described by the MA paths. When
the opposite happens, the percolation theory will
be assumed to describe the conduction. Clearly
there is an intermediate region when other, more
complicated, paths must be important, but these
will not be considered here.

We begin mith the expression for the probability
Ps(Z) that, sta. rting at some site at one electrode,
an N-step-long path has all impedances less than
Z. The probability that each step is less than Z
is given by the Poisson distribution and is'

P, (z) =1 —exp(-~va'hT('/28. 5) -=1 —e ~ ', (1)

Z ~ exp(2r/a+E/hT) == exp],

v is the density of states, a is the radius of the
localized wave function, ~ is the length of the
pair to which the impedance Z relates, and E is
an energy equal to the difference between the site
energies if the two sites are on the opposite sides
of the Fermi energy. Otherwise E is the larger
of the two distances fl om the Fermi energy.
Thus

P„(z) =(1 — '"" )".
The probability Ps(z) is clearly proportional to
the density of paths characterized by Z per unit
area. Thus the conductivity due to these paths
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N = t/(r cos8), (4)

where ~ is the hop distance and g the angle be-
tween the hop direction and the direction of the
normal to the film surface. If x and g are uncor-
related, ' (x cos8) = (r)(cos8) = -,' (0.17)a), and

N = 11.6t/$a.

The steps have been restricted here to the for-
ward hemisphere, as in MA. The relation be-
tween $ and t then is

46.4n'(t/a) (n $)' =- K(n t) ' = e "' —1. (6)

This relation is plotted in Fig. 1. From this
plotted function we can calculate the conductance
per unit area P„(Z)/Z, and its dependence on the
thickness of the film, provided that we know the
density of states v and the radius of the wave
function a. These are known for a-Ge from pre-
vious experiments on the longitudinal conduc-

characterized by Z is proportional to P~(Z)/Z.
We shall approximate the conductivity by the
maximum value of this expression. This is giv-
en by the equation

4nN(n])'=e'" —1.
The solution of this equation gives the value of $

as a function of N, which depends on the thick-
ness t. The relation between N and the thickness
is

tance of thin films. The values are v=10" cm '
eV ' and a =10 A. Kith these values, the results
for the conductivity as a function of temperature
and of thickness are plotted in Fig. 2. The heavy
curve is the percolation limit. Of the various
critical percolation values"' for Z, we chose
the value obtained from computer calculations, '
since it is likely to be the most reliable. Also
needed is the density of percolation paths, i.e.,
the analog of P„(Z). A precise calculation is dif-
ficult, but as the scale in Fig. 2 shows, an inac-
curacy by a factor 2 is relatively unimportant.
For a site to be on a percolation path, at least
two impedances must be connected to it with val-
ues less than the critical percolation impedance.
The number of such sites can be calculated with
the methods of Ref. 2. Clearly not all such sites
are on a percolation path. %e estimate that the
fractional number which are is 3.

The experimental results for a-Ge are shown
in Fig. 3. It is observed that: there is good quali-
tative agreement between the experimental and
the theoretical results. The value of T, decreas-
es with decreasing thickness. The curves are
convex on a T '" plot. The latter point is quali-
tatively obvious, since the hopping distance, and
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FIG. 1. A plot of Eq. (6).
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FIG. 2. Theoretical dependence of the conductivity
on film thickness and temperature for a-Ge. Heavy
line, the percolation limit; dashed line, a case rvhere
the MA paths give a larger impedance than the percola-
tion paths.
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FIG. 3. Experimental dependence of resistance on
film thickness and temperature for a-Ge.

thus the ratio of the hopping distance to the thick-
ness, increases with decreasing temperature.

The onset of the anisotropy occurs at about the
correct thickness. The experimental onset oc-
curs at' about 4000 A, while the theoretical oc-
curs about 3000 A. However, this thickness can
be expected to be pushed somewhat higher by the
more complex paths, which must be important in
the transition, but which are not considered here.

The quantitative agreement is reasonable, and
is shown in Table I where we compare the experi-
mental and the theoretical values of T,/(T, )~„.
T, ' ', as defined in Ref. 1, is the tangent of the
plot of lnp versus T 'i' at T = 150 K. !T,) &„is
the value of T, for bulk.

In Fig. 4 we plot the experimental results for
a-Si. These are qualitatively similar to those of
a-Ge. Since the quantities a and p are, so far,
unknown for a-Si, a comparison with theory is
not possible. From the fact that the onset of the
anisotropy occurs in a-Si at smaller thickness,
me mould conclude that either the value of a is
smaller than ln a-oc, ol the value of v larger,
or both.
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FIG. 4. Experimental dependence of resistance on
film thickness and temperature for a-si.

TABLE I. A comparison bebveen the theoretical and
the experimental values of Tp/(To)&«~ for a-oe.
is the slope of the plot of lnp versus 7." '~4 at -150 K;

0)pere is the Value Of TO fOr thiCk filmS.

d
(A)

TO/ (TO) pere
Experiment Theory

3720
3570
2000
1770
1000

900
500
450
420
250
240

0.60
0.58

0.51

0.41

0.36
0.33

0.32 to 0.11

0.61

0.41

0.25

0.16

It is appropriate to summarize the approxima-
tions implicit in our simple theory: (1) Replac-
ing the conductance by the maximum value of
P„(Z)/Z constitutes an approximation. (2) A
unique value of N for a given thickness has been
assumed, while in fact there must be a distribu-
tion of N for any given thickness. (3) Paths which
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include other than the smallest impedance steps
must contribute to the conductivity, particularly
at thicknesses approaching the percolation limit.
(4) The assumption of the directional constraint
to the forward hemisphere, while justified in
some detail by MA, is not exact.

The uncertainties in the experimental results
are discussed in Ref. 1.

Considering the above approximations and un-
certainties, we feel that the comparison between
our experiments and our simple theory support
the interpretation of the anisotropy in terms of
a transition from percolation paths to MA paths
at small thicknesses.
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Adsorbate ionization energies (energy levels) have been calculated for a number of
metal-adsorbate systems that have been studied recently by ultraviolet photoelectron
spectroscopy. The method, which is only applicable to highly "ionic" metal-adsorbate
systems, is based on a point-charge-cluster approximation to the metal-adsorbate sys-
tem. Values of the adsorbate ionization energies calculated by this method agree with
experiment within at least 10% for the metal-adsorbate systems investigated.

Measurements of the energy levels of various
gases adsorbed on metal surfaces by electron
spectroscopy have appeared in the literature
within the last two years or so.' ' There are at
present, however, no quantitative theoretical cal-
culations available that provide values for the ob-
served electronic energy levels.

In this Letter we describe a calculation of ad-
sorbate electronic energy levels for a very spe-
cial class of adsorbate-substrate systems: those
for which the adsorbate-substrate interaction is
strongly ionic. We believe this to be the first
quantitative calculation of adsorbate energy lev-
els with no adjustable parameters. The method
employs an appropriate point-charge cluster to
approximate the "ionic" adsorbate -substrate sys-
tem.

The goal of this work was to find a simPle
method of calculating the electron ionization en-
ergies of adsorbates. To this end we have at-

tempted to obtain a good estimate without resort-
ing to detailed calculations with a number of ad-
justable parameters. In the formalism to be pre-
sented, terms in the energy equation have been
separated so that parameters with known values,
e.g., electron affinities, work functions, etc.,
can be used; terms which are very difficult to
calculate are grouped so as to minimize their
sum.

Metal-adsorbate systems to which this calcula-
tion can be applied are those which typically form
highly ionic bulk compounds. The restriction of
this method to these systems is due to the neces-
sity of treating the adsorbate as a point-charge
impurity so that overlap between the adsorbate
anion wave function and the wave function of the
surrounding metal can be neglected. The calcula-
tion described gives the energy position of this 5
function with respect to the vacuum level, which
is the electron ionization energy of the adsorbate
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