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from curve 1 of Fig. 2.
' From this point of view the linewidth broadening

could also be treated as an unresolved Davydov split-
ting.

' This behavior of the linewidth is not directly related
to the more common effect of exchange narrowing of

magnetic resonance spectra for several reasons, the
foremost being the absence of another large interaction
that exchange can average out or narrow.

' K. A. Wickersheim, Phys. Rev. 122, 1376 {1961);
R. S. Meltzer and H. W. Moos, Phys. Rev. B 6, 264
{1972).
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The compositional dependence of the dc conductivity of As„Te& „ films with 0.8&x
& 0.78 was measured. The resistivity over the entire compositional range investigated
could be described with an effective-medium percolation theory. No adjustable param-
eters enter into this first analytical description of the compositional variation of a
transport property in an amorphous multicomponent semiconductor.

Over the last decade, the electronic transport
properties of amorphous semiconducting chalco-
genides have been studied extensively. However,
in spite of measurements of dc and ac conduc-
tivity, thermopower, Hall coefficient, photocon-
ductivity, and high-field conductivity over a wide
temperature range, no agreement exists on the
theoretical description of the conduction process.
In respect to As-Te based glasses, a controver-
sy has recently developed between the Cohen,
Fritzsche, and Ovshinsky (CFO)' model on the
one hand and the small-polaron model' on the
other. This paper reports the results of a study
of the compositional dependence of the dc conduc-
tivity of As„Te, , The choice of this system was
based on the following considerations: Relative
to other arsenic chalcogenides, '' As„Te, „ex-
hibits few tendencies for chemical ordering since
like bonds (As-As, Te-Te) and unlike bonds
(As-Te) have similar bond energies'; absence of
short-range order is also indicated by thermo-
dynamic data on liquid As, Te„' and by the smooth
monotonic compositional variation of both the
glass transition temperature" and the nearest-
neighbor separation', and finally, the electrical
conductivities of the pure components differ by
3 orders of magnitude, which, as discussed by
I andauer, ' allows sensitive tests of various pos-
sible mathematical descriptions of the composi-
tional dependence of the conductivity.

Generally, an evaporated specimen has a more
random structure than a quenched one, since the
latter retains the short-range order of the liquid.
Because of this and the reported difficulties in

quenching As„Te, „,' steady-state sublimation
of As, Te, was chosen to prepare the samples.
Small changes in the substrate temperature were
used to vary the composition which in each case
was analyzed with an electron microprobe. More
details are reported elsewhere. "

In order to check for the absence of contact and
layering effects, specimens with two and four co-
planar electrodes, as well as with sandwich con-
figurations, were evaporated onto one and the
same wafer. In almost all evaporation runs, the
resistivity computed from devices of various
geometries agreed within the experimental er-
ror of 15% in determining dimension and resis-
tance. loafers containing specimens outside this
range were discarded. The conductivity 0 was
found to be independent of thickness, which to-
gether with the absence of contact effects indj. -
cated that true bulk resistivities were measured.

Most specimens showed a slight curvature in
the 1na versus 1/T plot. The room-temperature
activation energy varied approximately linearly
with composition and ranged from about 0.38 eV
(30 at.% As) to 0.48 eV (80 at.% As). These val-
ues are about 0.03 eV lower than those reported
for bulk specimens in this composition range. "
In the so-called Stuke plot, "the speci. mens fell
within the experimental scatter on the line mea-
sured for quenched As-Te-I specimens (Quinn
and Johnson"). The room-temperature resistivi-
ty —on a linea~ scale—as a function of compo-
sition is shown in Fig. 1. The open circles de-
note experimental results. The dotted lines rep-
resent calculations based on effective-medium
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FIG. 1. Dc resistivity of evaporated As„Te& „as a
function of composition.

percolation theory (EMPT).
In its original form, EMPT considers the over-

all conductivity of a random mixture of particles
of two different conductivities under the assump-
tion that the inhomogenous surroundings of a par-
ticle can be replaced by an effective medium.
An originally unrelated problem, the flow of a

fluid through a porous medium, was first con-
sidered by Broadbent and Hammersley, "who in-
troduced a lattice-percolation model in which the
fluid was assumed to flow through randomly ar-
ranged bonds connecting nearest neighbors in a
regular lattice of sites. In the so-called bond-
or site-percolation problem, a fraction of these
bonds or sites is assumed to be blocking. It can
be shown rigorously that no fluid will flow through
the network unless a minimum, nonzero, critical
fraction x, of conducting bonds or sites is pres-
ent. Above x„ the percolation threshold, the
conductivity increases rapidly.

Kirkpatrick" demonstrated by means of com-
puter calculations that EMPT provides an ex-
tremely accurate solution to the bond-percolation
proble, except in the vicinity of the percolation
threshold, where it deviates by a few percent. If
the blocking bonds are correlated the deviation
in the vicinity of the percolation threshold in-
creases somewhat, but otherwise EMPT still
applies. EMPT gives the following expression
for the effective resistance p of a random mix-
ture of particles of two different resistivities p,
and p, :

4p, p2

p, (3X, —1)+p,(3X, —1)+([p,(3X, —1)+p,(3X, —1)]'+Sp,pj'" '

where X, is the volume fraction of component 1
and X, is the volume fraction of component 2.
The expression is independent of particle size.

For X, or X, = 1, the above expression reduces
to the resistivity of the individual component
which, in this case, is the resistivity of amor-
phous Te or As. These resistivities are known
and hence Eq. (1) can be used to predict the corn-
positional dependence over the entire range be-
tween As and Te. The resistivities of evaporated
amorphous elements depend somewhat on the an-
nealing state of the material, and this fact was
taken into account in the numerical calculation
displayed in Fig. 1.

Amorphous Te films, at about room tempera-
ture, are fully annealed. The resistivity is then
5.1 kQ cm and the activation energy of conduction
is 0.435 eV." Evaporated As films are charac-
terized by room-temperature resistivities be-
tween 3.6 and 4.2 MQ cm and activation energies
of 0.57-0.60 eV." The conversion between vol-
ume fraction —the parameter used in Eq. (1)—and composition was made by taking into ac-
count the specific densities and the atomic weights
of Te and As.

A comparison of the prediction of EMPT and
the experimenta1 results shows excellent agree-
ment in the frame of the experimental uncertain-
ties (see Fig. 1). (The reader should remember
that the accuracy of the composition determina, -
tion of the films is at best +2% and that this leads
to more obvious scatter in the steeper regions of
the curve. ) The agreement can be interpreted in
two ways: (1) The system is phase separated in-
to randomly arranged amorphous As and Te clus-
ters, or (2) the system is an atomistic mixture
of As and Te atoms in which a bond-percolation
process controls the conductivity. The following
points can be made against the first interpreta-
tion: (a) Lack of driving forces for primary and
secondary phase separation as discussed by de-
Neufville. " (b) Lack of electron-microscopic
evidence for phase separation. " (c) The smooth
compositional dependence of T, "' (A phase.
separated system would tend to exhibit two T~'s,
at fixed temperature locations but of various rel-
ative magnitude. ) (d) In annealing experiments,
crystalline Te is formed in Te-rich As„Te, , at
surprisingly high temperatures (143'C for Asso-
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Te„o) which vary strongly with composition. '
Both effects, in our opinion, argue against the
existence of separate amorphous Te clusters.
(e) Raman scattering from evaporated As„Te, „
films indicates a distribution of As-As, As-Te,
and Te-Te bonds compatible with a random net-
work, rather than the relative scarcity of As-Te
and the preponderance of As-As and Te-Te which
one wouM associate with a phase-separated sys-
tem. " (f) The compositional dependence of the
apparent activation energy does not agree with
a phase-separated model. The last point de-
serves elaboration.

If one writes the resistivities p, and p, in Eq.
(1) as thermally activated resistivities and cal-
culates with numerical methods the apparent ac-
tivation energy of the system, one finds that
these calculated values vary for As & 60 at. '%%u&

more slowly and for As 8 65 at.% more rapidly
with composition than observed. ~3 The devia-
tions are not large (about 0.03 eV) but appear to
be outside the experimental scatter. The dis-
crepancy is indicative of bond percolation since,
while EMPT adequately describes the resistivity
of a bond-percolation model, it is not expected
to give a correct account of the apparent activa-
tion energy. " The sign and magnitude of the
slight curvature in the experimental lm versus
1/T plots, on the other hand, are compatible with
the predictions of EMPT. Clarification of this
point requires detailed percolation calculations
not currently available.

Points (a) through (f) argue against phase sepa, -
ration and favor the explanation that the conduc-
tivity in amorphous As, Te, „ is controlled by a
bond-percolation process. The latter is not nec-
essarily restricted to a nearest-neighbor model,
since percolation thresholds also occur in sys-
tems where sites several lattice constants apart
are considered to be connected. The results ob-
tained on correlated-bond models" indicate that
details of the bond topology play a significant
role only in the vicinity of the percolation thresh-
old. For this reason, one expects that Eq. (1)
will still provide a good approximate solution to
a more complex bond-percolation problem with
the possible exception of the vicinity of the perco-
lation threshold. There are indications of some
deviations in the vicinity of the percolation thresh-
old (see Fig. 1), but the precision of the data is
insufficient to permit any firm conclusions.

As in the case of other phenomenological theo-
ries, the physical nature underlying the conduc-
t'on process is difficult to deduce from EMPT.

It is obvious, however, that amorphous chalco-
genides cannot be treated as homogenous conduc-
tors on the scale on which conduction takes place.
For this reason it appears difficult to reconcile
the present results with conduction in extended
states as envisioned in the original CFO model. '

The question whether an amoI"phous material ls
homogenous or inhomogenous on a microscopic
scale is a fundamental one since it frequently
enters into the analysis of transport measure-
ments. The question was first raised by
Fritzsche, "who proposed that chalcogenides
were electronically diphasic and divided into
random regions of electron and hole traps. In
the region of the mobility edge, the regions are
assumed to be in the order of the screening
length or about 150 A.

From the viewpoint of percolation theory,
Fritzsche's model contains several attractive
features, but the scale over which the inhomo-

0
geneities occur, -150 A, seems incompatible
with the present results. If phase separation is
absent, the local chemical composition must
fluctuate on the scale of a few angstroms and the
conduction process must sample these fluctua-
tions. For this reason, it appears difficult to
tie the above-mentioned regions in a systematic
way to composition unless an impurity concen-
tration is linearly related to one component. Hop-
ping, including variable-range hopping, corre-
sponds to a bond-percolation model in which the
conductivity 0; of an individual link depends on
the site energy E; and distance d;. If the spread
of the conductances ls sufficiently lal ge (a con-
dition frequently fulfilled since 0; usually is as-
sumed to depend exponentially on E; and d;), it
can be shown that the system behavior is similar
to the single-value bond-percolation model dis-
cussed before. " For As„Te, „, variable-range
hopping between localized states has been pro-
posed by dreiser, Grant, and Moustakas, "who,
from high-field measurements, derive a hopping
distance of about 100 A. From this they deduce
that potential fluctuations, as well as structural
disorder, occur over comparable distances; a
conclusion which, for the same reasons as dis-
cussed before, makes it very difficult to link the
conductivity in a systematic way to the chemical
composition.

The small-polaron model' assumes that the
hopping carrier deforms its local environment
sufficiently to become self-trapped. Of the pro-
posed conduction mechanisms, the small-polaron
model is the only one which involves hopping on
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an atomic scale, i.e., the scale over which the
chemical composition is likely to fluctuate. The
present results can be understood with small-
polaron theory under the assumption that the
small polaron is associated with selected bonds.
This idea of a "dominant constituent" is support-
ed by other observations on As- Te-containing
glasses. " Further strong experimental evidence
supporting the small-polaron model has recently
been reviewed. ' Computer calculations analogous
to those for Fermi-level hopping" but based on
the exact jump-rate calculations of Emin" are
needed urgently to establish the model further
and to understand the observed compositional
variation of the activation energy.
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