VoLuME 30, NUMBER 1

PHYSICAL REVIEW LETTERS

1 JANUARY 1973

aftereffects, see J. E. Thun, in Angular Correlations
in Nuclear Disintegration, edited by H. van Krugten
and B. van Nooijen (Wolters-Noordhoff Publishing Co.,
Groningen, The Netherlands, 1971), p. 78.

’P. Raghavan and R. S. Raghavan, Phys. Rev. Lett.
217, 724 (1971).

SR. S. Raghavan and P. Raghavan, Phys. Rev. Lett.
28, 54 (1972).

‘E. Gerdau, J. Wolf, H. Winkler, and J. Braunsfurth,
Proc. Roy. Soc., Ser. A 311, 197 (1969).

E. Bodenstedt, W, H. Ellis, and U. Ortabasi, Phys.
Rev. B 6, 2909 (1972).

6D, Brandt and S. S. Rosenblum, in Proceedings of

the International Conference on Nuclear Moments,
Osaka, Japan, 1972 (to be published).

'C. H. W, Jones, J. Phys. Chem. 74, 3347 (1970).

8See, for example, C. H. W, Jones and J. L, Warren,
J. Chem. Phys. 53, 1740 (1970); G. J, Perlow and M. R.
Perlow, J. Chem. Phys. 48, 955 (1968); J. M. Friedt
and J. Danon, to be published,

’F. D. Feiock and W. R. Johnson, Phys. Rev. 187, 39
(1969). ‘

R, S. Raghavan and P, Raghavan, Phys. Lett. 364,
313 (1971).

!'p, Raghavan, T. S. Raghavan, and W. B. Holzapfel,
Phys. Rev. Lett. 28, 903 (1972).

Macroscopic Inhomogeneities in Amorphous Semiconductors; Contactless Conductivity
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Macroscopic inhomogeneities are observed in glassy Tl,SeAs,Te; using a contactless-
conductivity technique. Electron microprobe experiments indicate that the samples are
compositionally homogeneous and suggest that the inhomogeneities are structural. These
inhomogeneities exhibit a thermally activated conductivity considerably greater than the
dc bulk value but with an identical activation energy.

There are several universal features of amor-
phous semiconductors including an intrinsic,
thermally activated dc electrical conductivity, a
rising ac conductivity proportional to w®, where
a=1,! alinear anomaly in the low-temperature
specific heat, and a nearly universal thermal-
conductivity curve.? The current models pro-
posed to explain these universal features as-
sume a medium whose inhomogeneous proper-
ties are either the result of statistical fluctua-
tions on a scale comparable to interatomic spac-
ings®%* or due to fluctuations in local physical
properties such as density or composition on a
submicroscopic scale of 100~500 A58 This Let-
ter reports contactless electronic-transport mea-
surements which are interpreted in terms of ma-
croscopic inhomogeneities (on a scale greater
than 1 um in the structure of an amorphous semi-
conductor, which may be a general property of
semiconducting chalcogenide glasses. These in-
homogeneities are not detectable by electron mi-
croprobe analyses, and they appear to be outside
the scope of the existing structural or transport
models.

In the usual low-frequency electrical-conduc-
tivity measurement, current is generated by ap-
plying an electric field to the sample. However,
one may also create currents by immersing the
sample in a time-varying magnetic field. The

latter method, which uses the sample as a tor-
sion pendulum, requires no electrical contacts.
In the case of homogeneous, isotropic materials,
the contactless technique yields the same results
as ordinary contact methods.”® When the mate-
rial is inhomogeneous, the current paths are
altered and the two methods will, in general,
yield different results.

Consider the case of a medium which is homo-
geneous and isotropic on a scale comparable to
its dimensions, but inhomogeneous (and possi-
bly anisotropic) on a macroscopic sale much
less than the sample dimensions. The torque
per unit length on an infinite cylinder of such a
material in a uniformly rotating magnetic field
may be divided into two additive terms. The
first is a bulk contribution containing the average
effect of all the inhomogeneities and yields an
effective conductivity equal with that measured
in a contact experiment?®; the second term results
from the local current loops created by the inho-
mogeneities. Let the magnetic field rotate uni-
formly in a plane perpendicular to the axis of the
cylinder. Then the torque per unit length (ne-
glecting magnetoresistance) is given by the fol-
lowing expression:

T'=(r/4c®) R*H?*wo,+ (1/4c?) R®H?wC, (1)

where R is the radius of the cylinder, H the
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magnitude of the rotating magnetic field, and w
its angular frequency. The quantity o, is the
bulk conductivity as would be measured by a dc
contact technique. The second term represents
the added torque due to the macroscopic inhomo-
geneities in the bulk sample. The constant C has
the dimensions of a conductivity times an area.
The evaluation of C involves an integral contain-
ing the local conductivity tensor and is evaluated
over the geometries of the macroscopic inhomo-
geneities. This integral includes any interactions
between inhomogeneities which are not contained
in the homogeneous (first) term. Although the
calculation of the second term of Eq. (1) depends
on the exact distribution, shape, and electrical
anisotropy of the inhomogeneities, the form in-
cluding the R? dependence is general.

The finite length of the cylinder can be taken
into account by an additional factor 2 '~ 1 in the
first term of Eq. (1), which depends on the radi-
us-to-length ratio of the cylinder and may be de-
termined empirically using known standards.
An effective conductivity of Eq. (1) for an infinite
cylinder per unit length can be expressed as'!

Oes= (4c®/TR*H?w)T=0,+ C/R?,
where in terms of measured quantities
Oess= (4mp6/H2T?)x 10° Q7' cm ™, 2)

In this equation p is the density of the sample,
7 the period of the torsion pendulum in the ab-
sence of the magnetic field, v the frequency of
the rotating field in hertz, and 8 the angular de-
flection of the pendulum in radians. In the spe-
cial, if unrealistic, case where there is only one
characteristic inhomogeneity size 7.;f <R with
one characteristic conductivity o, >0,, the con~
ductivity for an infinite cylinder per unit length
may be written as

oeff=00+vo1(reff/R)2, (3)

where v is the volume fraction of inhomogeneous
regions. The major contribution to o, is due to
current loops whose area is of order R%, The
second term of Eq. (3) is scaled down by the fac-
tor (r.¢s/R)? because the torque exerted per unit
length by all of the small current loops is propor-
tional to 7.¢t2R?, not R*, In a dc contact measure-
ment the conductivity is dominanted by o, since
the regions of conductivity o, are assumed to be
isolated. However, in a contact-free measure-
ment, the conductivity will depend on 1/R? when-
ever 0,R%~07eff.

Contactless measurements were preformed on
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cylindrical samples of vitreous T1,SeAs,Teg and
single-crystal, dislocation-free, p-type silicon
standards™ using a torsion pendulum hanging in
an evacuated quartz tube centered in a uniformly
rotating magnetic field. Vitreous T1,SeAs,Teg
was studied because it is as highly conducting as
any known semiconducting glass, and does not
crystallize easily. The samples were glued onto
fine, polished, and straightened tungsten wire?!s
(7.6 and 24 um diam) using unfilled epoxy.
Torques were recorded by measuring the deflec-
tion of a laser beam reflected from a thin alumi-
num-coated mica mirror which was attached to
the tungsten wire well above the rotating field.

A 1500-G magnetron magnet rotating between 2
and 20 Hz supplied the time-varying magnetic
fields. These fields were homogeneous to within
3% over all sample sizes measured, and the rota-
tion speed varied by less than 0.1% at all fre-
quencies. Elevated temperatures (25-75°C) were
achieved using a noninductive heater wound around
the quartz vacuum chamber. Temperatures were
calibrated to +1°,

Boron-doped, p-type silicon standards were
used because the conductivity is isotropic and
homogeneous in these materials. A series of
standards were measured whose conductivities o
and radii R spanned the ranges of the glass sam-
ples (0 between 107* and 102 Q"* ecm ™! and R be-
tween 0.48 and 1.27 cm). The radius-to-length
ratio R/L of these standards was varied system-
atically to obtain an empirical relation for the
parameter 2 mentioned above.

The conductivity as described by Eq. (2) is pro-
portional to the angular deflection 6 and inversely
proportional to the frequency of the rotating mag-
netic field v. Figure 1 is a plot of 6 versus v for
two cylinders of T1,SeAs,Te,; glass, at room tem-
perature, with different radii . The zero deflec-
tion of the torsion pendulum in the rotating field
was calibrated using the silicon and nonconduct-
ing standards. The data points in Fig. 1 are well
represented by straight lines whose slopes are
directly proportional to the conductivity. The
proportionality constants are functions of the
period of the pendulum 7 which in turn depends
on the cylinder radius [Eq. (2)]. A cylinder of
As,Seg glass at temperatures from 25 to 50°C
yielded no observable deflection as expected
since 0~ 1071 Q7! cm ! in this material.

The contactless conductivity of vitreous T1,-
SeAs,Teg at room temperature is found to be a
function of the radius of the cylindrical sample,
while the conductivities of the Si standards are
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FIG. 1. Deflection of T1,SeAs,Te; glass cylinders

as a function of frequency of the rotating magnetic field.

Circles, a sample of radius R = 0.825 cm with the pen-
dulum period 7 = 185 sec. Squares, a sample with
R=0.445 cm, 7 =75 sec. Conductivities are deter-
mined from the slopes of the lines using Eq. (2).

independent of cylinder radius as one would ex-
pect. Figure 2 is a plot of o ¢ adjusted for an
infinite cylinder (k=1) per unit length, as mea-
sured by the contact!® and contactless methods
versus 1/R%, The contactless data fall approxi-
mately on a straight line and extrapolate to the
dc contact value for large R as predicted by Eq.
(2).*® The slope of the line is proportional to the
constant term C in Eq. (2).

The magnitude of the inhomogeneous conductiv-
ity term in vitreous T1,SeAs,Teq is considerable.
One may estimate this magnitude for the simple
case described by Eq. (3) which assumes isolated
inhomogeneities of a unique size given by 7.¢; and
a unique conductivity o,. In this case, the slope
of the line in Fig. 2 yields a value for vo,» ¢# of
1073 cm/Q. Since the measured effective conduc-
tivity is thermally activated, it is reasonable to
assume that o, is not greater than the high-tem-
perature—conductivity limit for amorphous semi-
conductors (10% to 10* @ ! cm ™). This assump-
tion implies that 7».¢¢ is greater than 5 um. Thus,
inhomogeneities on the order of 10 to 100 um
with conductivities 10° to 10* over the bulk dc
contact value provide the most plausible explana-
tion for the magnitude of this effect.

Pearson'” has observed phase-separated re-
gions in freshly fractured surfaces of glassy
T1,SeAs,Teg, which are about 0.5 um in diameter
and comprise approximately 20% of the sample
volume. However, microprobe and scanning
electron microscopy studies on our samples in-
dicate glassy material with no crystalline inclu-
sions or compositional inhomogeneities (fluctua-

» N
T T

(RADIANS x 1072)

8
)

.

o] 4 8 12 16

FREQUENCY (Hz)

FIG. 2. Dependence of contactless conductivity in
glassy Tl,SeAs,Tes on cylinder radius R (circles).
Squares, dc contact measurements on the same sam-
ples.

tions <3 at.%) on a scale at least as small as
200 A. Several different samples were investi-
gated both before and after the conductivity mea-
surements, and compositional inhomogeneities
were never observed.

Although the contactless conductivity of glassy
T1,SeAs,Teg varies with the cylinder radius, the
activation energy for this thermally activated
conductivity A€ is independent of R as indicated
in Fig. 3. In this figure the natural log of the
conductivity is plotted versus inverse tempera-
ture for several glass samples. The activation
energy (slope of the lines) is constant within ex-
perimental error and given by A€ =0.39+0.05 eV.
Also plotted in Fig. 3 are the dc contact conduc-
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FIG. 3. Temperature dependence of the conductivity
in vitreous Tl,SeAs,Te;. Circles and triangles, con-
tactless measurements at 17 and 7 Hz, respectively.
Squares, dc contact measurements which are indepen-
dent of sample radius R.
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tivity data which are identical for all cylinders.
These contact measurements yield an activation
energy of Ae=0.36+0.03 eV which is equal to the
contactless results within experimental error.

One possible explanation of these results en-
vokes the local bonding characteristics of the
glass. Several of the semiconducting compounds
containing Se, S, As, Tl, and Te consist of lay-
ers or chains. These layers and chains are high-
ly anisotropic bonding configurations whose an-
isotropies are manifested in the conduction pro-
cesses. If the conductivity in the T1,SeAs,Te,
glass is highly anisotropic locally, it is possible
than an increased conductivity could arise in the
contact-free method from the random orienta-
tions of layers or chains, while the activation
energy could remain nearly identical with the
contact value.

The present results suggest experiments which,
if performed carefully, should provide additional
information about the structural inhomogeneities
in semiconducting T14SeAs,Teg glass. Ideally,
ordinary dc contact measurements across thin
films should yield conductivities much greater
than the bulk value measured along the sample.
In practice, it is difficult to obtain thin films
which are indicative of the structure of the bulk
and free of contact effects. The effects of inho-
mogeneities must also show up in careful scat-
tering measurments. Although scattering in the
infrared region is known to exist in chalcogenide
glasses,'® ! careful measurements on glassy
T1,SeAs,Teg are complicated by the strong ther-
mally activated infrared absorption observed in
this material.*®
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