
VOLUME 28, NUMBER 11 PHYSI CA. I. REVIEW LE'r YKRS 1$ MARcH 1972

R. B. Griffiths and J. C. Wheeler, Phys. Bev. A 2,
1047 (1970).

M. Blume, V. J. Emery, and R. B, Griffiths, Phys.
Bev. A 4, 1071 (1971).

J. C. Bonner and J. F. Nagle, J. Appl. Phys. 42,
1280 (1971).

E. H. Graf, M. Lee, and J. D. Beppy, Phys. Rev.
Lett. 19, 417 (1967}.

D. P. Landau, B. E. Keen, B. Schneider, and %'. P.
Wolf, Phys. Bev. B 8, 2810 (1971).

'D. W, Garland and B.B. Weiner, Phys. Bev. B 8,
1634 {1971).

M. E. Fisher, Phys. Rev. 176, 257 (1968).
R. B. Griffiths, Phys. Rev. Lett. 24, 715 (1970).
See Ref. 1 and also the review in M. E. Fisher and

D. M. Jasnow, "Theory of Correlations in the Critical
Region" (Academic, New York, to be published}.

~ D. M. Saul and M. Wortis, University of Illinois re-
port (unpublished).

G, Goellner and H. Meyer, Phys. Rev. Lett. 26, 1548
(1971).

T. A. Alvesalo, P. M. Berglund, S. T. Islander, and

G. R. Pickett, Phys. Rev. A 4, 2354 (1971).
L. Beatto, Phys. Rev. B 5, 204 (1972).

Search for Anisotropic Electrical Properties in Amorphous Germanium*

A. H. Clark and T. J.

Burke's

University of Maine at & ono, Orono, Main 04473
(Received 8 January 1972)

Low-field and high-field resistivity in amorphous Ge were measured in both the planer
and transverse directions on the same samples, whose thickness ranged from 0.4 to 4
pm„No anisotropy was found, suggesting that the voids recently described by Galeener
may not play a significant role in these transport processes.

In recent papers, Galeener' showed that some
of the structure in the optical constants of amor-
phous Ge may be ascribed to slitlike voids, whose
normals are randomly aligned in the plane of the
film. The presence of such voids has recently
been confirmed in an electron microscopy study
by Donovan and Heinemann' and in a small-angle
x-ray scattering study by Cargill. 4 The volume
fraction of the voids is estimated by Galeener'
to be about 5%%uo and their thickness about 5-10 A

for films deposited at room temperature. The
void structure is not present in films deposited
at temperatures above 160'C.'

It has been suggested" that the void structure
should affect the electrical properties of amor-
phous Ge, possibly leading to an anisotropy in
properties measured parallel and perpendicular
to the plane of the film. While Galeener' predicts
that anisotropy in the low-frequency dielectric
constant should produce an anisotropy in conduc-
tivity of less. than 5%%uo, there is the possibility of
a larger effect if the voids act as effective bar-
riers.

It is well known that the low-field conductivity
of unannealed a-Ge has the form

o =e, exp[- (T,/T) "4].
This relation was first proposed by Mott' and has
recently been reviewed by Ambegaokar, Hal-
perin, and Langer. A high-fieId effect is ob-

served for fields greater than 10~ V/cm and tem-
peratures less than 77 K. Morgan and Walley'
have extensively studied this effect and conclude
that their results correspond well to a modified
Poole-Frenkel theory developed by Hill. " It thus
becomes important to ascertain whether the void
structure has a significant effect upon electron
transport, because the theories described above
apply to an essentially homogeneous model with
atomic-sized defects.

By examining the results of earlier work (e.g. ,
Morgan and Walleye and Walley and Jonscher"),
it is possible to conclude that there is no striking
anisotropy in either the low-field or high-field
transport. It appears that no study has specific-
ally examined this question, however, particular-
ly by searching for anisotropy in the same sam-
Ple.

The a-Ge in this study was prepared in an ion-
pumped system by electron-beam evaporation on-
to quartz substrates held close to room temper-
ature. The system base pressure was in the
10 -Torr range, and the ambient pressure dur-
ing deposition was in the 10 '-Torr range. The
source to substrate distance was 19 cm, and the

0
deposition rate was 50—75 A/sec. Using appro-
priate masking, electrodes were deposited to
permit measurement of low- and high-field con-
ductivity both parallel and perpendicular to the
plane of the film. The thickness of the a-Ge
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ranged from 0.4 to 4 p.m.
Considerable difficulty was encountered due to

the formation of small crystallites in the "sand-
wich" region of the samples, an effect first re-
ported by Bosnell and Voisey. " In the present
study, it was observed that a-Ge deposited onto

Au, Al, or Cr at room temperature almost in-
variably contained a small crystalline region
whose size was estimated from electrical mea-
surements to be 1-10 pm in diameter. The prob-
lem was finally circumvented by working strictly
with Al electrodes and growing a thin (about 10 A)

layer of oxide on the AI before depositing the a-
Ge. The tunnel resistance of the oxide has been
well characterized in a recent study by Smith and
Clark" so that it was a straightforward matter to
correct for this additional resistance in the trans-
verse resistivity (p,) measurement. It is inter-
esting to note that depositing the top Al electrode
onto freshly deposited a-Ge causes no difficulties,
suggesting that the crystallization occurs during
growth of the a-Ge.

Samples of a-Ge prepared under the same con-
ditions as described above were supplied to Car-
gill as part of his small-angle x-ray scattering

studies. 4 These samples showed anisotropic
small-angle scattering qualitatively consistent
with Galeener's model.

Figure 1 shows low-field resistivity versus
temperature for a typical sample, measured both
in the planar (p~~) and transverse (p,) directions.
The estimated absolute uncertainty in the resis-
tivity is indicated. This uncertainty is primarily
due to limitations in defining the pattern geome-
try and errors in measuring sample dimensions.
The room-temperature resistivity of all samples
is about 75 0 cm. The points in the figure repre-
sent a rough correction to p for the additional
series resistance of the oxide plus electrodes.
For all samples studied, p, =

p~~ within the ex-
perimental uncertainties indicated.

Figure 2 shows the high-field effect at 77 K
measured in both the planar and transverse di-
rections (the electrode spacing for the planar
measurement was about 0.1 mm). The deviation
from the Poole-Frenkel-type behavior at high
fields is presumably due to sample heating. The
high-field effect is found to be the same in both
directions, again within the experimental uncer-
tainty indicated.
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FIG. 1. Transverse and planar low-field resistivity
of an amorphous germanium film 2.7 pm thick.
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FIG. 2. Transverse and planar high-field effect at
77 K for an amorphous germanium film 1.2 pm thick.
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Because of the difficulties with contacts, the
thinnest film from which reliable transverse data
could be obtained was about 0.4 p,m. In addition,
we studied the planar low-field resistivity of a
film 100 A thick because very thin films might
be expected to be more sensitive to the void
structure. The low-field resistivity of this film
showed the same T '~4 behavior and agreed mell
with resistivity of the thicker samples. Since
we obtained no transverse data on this sample,
however, we draw no conclusions concerning
anisotropy in very thin films.

The main conclusion of this study, therefore,
is that if the voids are affecting transport in
films thicker than 0.4 p,m, they are doing so in
an isotropic manner. The voids are so aniso-
tropic structurally, however, that one would not
expect them to influence the transport isotropic-
ally. Furthermore, annealing should decrease
the void concentration (although in Galeener's
study' the films were deposited at higher temper-
atures, not annealed). If the voids are influenc-
ing the low-field transport, possibly by creating
barrj, ers, annealing of the films should increase
the conductivity, rather than decrease it as actu-
ally occurs. One concludes, therefore, that

(I/I )V. &(I/t) Vb.„;„, (2)
where iL, is the low-field mobility (due presum-
aMy to some form of hopping transport), I ls
some average spacing between voids, and t is
some average void thickness.

One can attempt to estimate the effect of the
voids by calculating the tunnel resistance for a

05-10-A vacuum layer bebveen two regions of a-
0

Ge of thickness j.00 A. The tunnel resistance is
so sensitive to thickness, however, that the re-
sults are inconclusive [Eq. (2) is satisfied for a
5-A barrier but not for a 10-A barrier].

The void structure may play a more important
role in the photoconductivity. This effect (at pho-
ton energies of about 1 eV and above) presumably
is due to electrons in extended states. In this
case, one may very well have

(I/I)v, ....d,~&(I/i))It „„ (3)

so that a large void concentration may limit the
photoconductivity, but not necessarily the Iow-
field conductivity. Films produced in this study
show a very small photoeffect as prepared, but
the photoconductivity increases upon annealing
at 150'C. The details of this study will be pre-
sented in a later paper, but the annealing result
is at least consistent with the barrier hypothesis.
Fischer and Donovan" similarly found that a film
grown at 300'C showed increased photoconductivi-
ty over films grown at room temperature, al-
though their room-temperature films also ex-
hibited considerable photoconductivity.
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