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The behavior associated with chemical ordering in thin amorphous films of Te„T1, „deposited and measured
on 77-K substrates has been studied by transport, optical, Auger, and other experiments. It was determined

from the high-temperature conductivity and the transmission in the near infrared, that the principal bonding
in Te Tl, is independent of composition over the range studied (1.8 & m p 3.8). The dc conductivity at integral
m has typical semiconducting values (- 10 ' 0 'cm ' at 77 K) but at half-integral m the samples are as many
as seven orders of magnitude more conductive. This strong compositional dependence is interpreted to be due
to a peak in the density of electronic gap states near the Fermi level that occurs in films of half-integral m.
These states may be annealed from oxygen-free films but are locked into samples containing a few atomic

percent of oxygen.

I. INTRODUCTION

A few years ago Ferrier et al. ' discovered dras-
tic variations of the electrical conductivity and its
activation energy as a function of composition in
thin amorphous films of the binary system Te- Tl.
The dc conductivity measured at 77 K suggested
that the material changed nine times from metallic
to semiconducting behavior, with the latter occur-
ring at compositions Te Tl, for m =1,2, . . . , 7 as
well as at Te,Tl, and Te,Tl, . The amorphous films
were nearly metallic about halfway between each
of these compositions. Although some chemical
ordering occurs in many amorphous binary or
pseudobinary systems with extrema in the compo-
sitional dependence of the physical properties, no
other system is known which exhibits chemical or-
dering at so many compositions. And in no other
system is nearly-metallic behavior seen at compo-
sitions halfway between those of compound forma-
tion. For these reasons we decided to reexamine
these phenomena and to extend the investigation
to include additional charge transport and optical
experiments.

If one considers a material to be chemically
ordered (or chemically bonded) when an aggregate
exists with sufficient stability to make it conven-
ient to consider it an independent molecular spec-
ies, then amorphous Te- Tl certainly represents
a chemically ordered system. At another extreme,
As- Te is often cited as an amorphous system with
very little chemical order. Using the bond ener-
gies determined by Pauling' one finds that the
As-As, Te-Te, and As-Te bonds are all of similar
strengths so one might expect that all bonds would
occur with their compositional probability. Ex-
perimentally, this appears to be the case. As a
function of composition x, measured optical' and
thermodynamic' properties of As,Te, „show fea-

tureless monotonic behavior.
There are, of course, materials exhibiting phys-

ical properties with compositional dependences ly-
ing between these extremes. For example, in
other arsenic chalcogenides' distinct features in
plots of the compositional dependence of physical
properties occur at 40-at. % arsenic where a mole-
cular species is known to exist in the correspond-
ing crystalline material.

The unique Te- Tl binary system presents inter-
esting questions fundamental to our understanding
of both chemical ordering and the structure of the
electronic density of states in amorphous semi-
conductors. In the following, we discuss the prob-
lem presented by the Te- Tl system and propose
several experiments aimed at shedding light on
this problem. We show how the outcome of these
investigations led us to further experiments and
then describe how their results both contribute to
our understanding of conductive processes in am-
orphous semiconductors and pose new questions
basic to our understanding of these materials.

II. THE PROBLEM

One might not a priori expect any of the physical
properties of thin solid films of Te- Tl to exhibit
strong compositional dependence since such effects
are uncommon in high-Z materials. The liquid
Te- Tl system, however, has been extensively
studied and the effects of chemical ordering have
long been established. For example, investigations
by Cutler' have determined thai for a broad range
of temperatures liquid Te„Tl, „alloys exhibit prop-
erties that can be attributed to chemical ordering.
A maximum in resistivity at the composition x
=0.33 demonstrates the stability of the structural
unit TeTi, . For x & 0.33, it is generally accepted
that one is dealing with a dilute metal alloy of
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FIG. 1. Compositional dependence of the dc conduc-
tivity & of virgin and annealed samples of Te Tl2 de-
posited on 77-K substrates as reported by Ferrier et cl .
(Ref. 5). Broad conductivity minima occur at composi-
tions corresponding to integral values of m, while sharp
maxima occur at half-integral m. These effects of chem-
ical ordering are enb~~ced upon annealing.

TeTl, molecules and Tl" ions, while for x &0.33,
Cutler' argues that the behavior of the composition-
al dependence of the conductivity can be attributed
to broken Te- Te bonds. In any case, the stability
of TeTl, is manifest in the liiluid system.

It is quite often the case in disordered systems
thai the effects of chemical ordering can be en-
hanced by annealing. A chemically ordered con-
figuration may be thought of as being a metastable
state that a system would relax into when annealed.
During this process strong bonds are made at the
expense of weak bonds thereby lowering the total
energy of the system.

Armed with a knowledge of the behavior of the
liquid Te- Tl system and the nature of chemical
bonding in general, one might thus expect dis-
ordered films of Te„Tl, „to exhibit some chemical
ordering effects. It might be further expected that
any observed effects would be enhanced by anneal-
ing. In these two regards the results of Ferrier
et al. (FPA) can be anticipated, however, the dras-
tic variations in conductivity seen in Fig. 1 are not
expected. In particular, the data of Fig. 1 present

us with a problem unique in the study of chemically
ordered amorphous semiconductors.

U one concludes from the data of Fig. 1 that the
Te- Tl system is comprised of mixtures of units
Te Tl„ then the strong variation of the conductiv-
ity as a function of composition seems to indicate
that at composition m, only the structural unit
Te Tl, exists. If it were possible to have a mix-
ture of. . . , m —1,m, m+1, . . . units at composi-
tion rn, , then this mixture would be different from
that at (m+ —,') only in a shift of the center of the
distribution. The fact that integral and half-inte-
gral composition materials behave so differently
suggests that at m only the unit Te Tl, exists. At
compositions corresponding to half-integral m,
one would expect a mixture of units Te Tl, and
Te y Tl 2 This is a pseudobinary mixture and we
know of no other case in which a mixture of two
saturated bond semiconductors becomes highly
conductive. Bonds can be satisfied by forming a
mixture of the end members of the pseudobinary,
and if the bonds are satisfied, one expects an am-
orphous semiconductor with a conductivity not
greatly unlike that of the two constituent structural
units. FPA find that at integral composition m,
the activation energies for conduction do not vary
appreciably as a function of m. Thus the conduc-
tion mechanism appears to be of the same charac-
ter for all integral m. Yet when viewed as con-
stituents of a pseudobinary, iwo units of integral
composition can result in a mixture seven orders
of magnitude more conductive than either of the
constituents.

We began our work on the Te- Tl system in an
effort to shed some light on the answers to the
questions posed by this system. In determining
an experimental line of attack, we first formulated
two models which could explain the data seen by
FPA and then proposed experimental checks for
each model.

The first of these models involves a charge
transfer mechanism. We consider the structural
units to be chains of different lengths m,
Tl-(Te) -Tl, and suppose that chemical order-
ing occurs because the chain energy is not linear
in chain length. For longer chains the negative
charge transferred from the Tl atoms can spread
out over more electronegative Te atoms and the
repulsion between the Tl atoms is less. At com-
positions m =1, . . . , 7 the bonds are saturated and
the material is thus semiconducting. On the other
hand, compositions deviating from whole m num-
bers require a mixture of chain lengths. Since
the electronic charges transferred to the Te chain
are held closer together in a shorter chain, we
might imagine that the larger repulsive force be-
tween these charges might result in an ionization
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energy less than that of a longer chain. Thus in
a compound comprised of a mixture of chain lengths,
we suppose that some charge transfer from shorter
to longer chains is likely. With the addition of
(m+1) chains to (m) chains the Fermi level will
move toward the valence band of the (m) chains.
At small (m+1) chain concentrations the transfer-
red charge to these chains will be localized. By
the same token, addition of a few (m} chains to a
majority of (m+1) chains will raise the Fermi
level toward the conduction band of the (m+ 1)
chains. In the first ease the (m+1) chains act as
aceeptors in an (m) chain host, while in the latter
case the (m} chains act as donors in an (m+ 1)
chain host. At the 50-50 mixture, one obtains a
disordered charge transfer solid which is mell
conducting.

We have only sketched this model in its simplest
form, leaving out correlation effects, Coulomb in-
teractions between the polar Te- Tl bonds and other
complicating factors. Nevertheless even for this
simple model, experimental verification is pos-
sible. Since the thermopower 8 is a measure of the
sign of the dominant charge carrier, a straight-
forward check of the validity of this model could
be obtained by measuring the compositional de-
pendence of S. If the movement of the Fermi level
is as we have descibed it above, S should change
appreciably as a function of composition. In fact
since in most amorphous semiconductors one finds
the Fermi level near mid-gap, we would not be
surprised to find a change in sign of S near inte-
gral m compositions. Thus to check this model
we proposed an experimental determination of the
thermopower as a function of composition.

An alternative model supposes that (m+-,') mat-
erial might be very differently bonded than a mix-
ture of (m) material and (m+1) material. Differ-
ent bonding would reflect itself in differences in the
electronic density of states and thus could lead to
the extreme changes in conductivity seen in Fig. 1.
Such bonding changes would also manifest them-
selves in changes in the optical absorption edge
E, and the index of refraction. For example in thin
evaporated films of amorphous As, S, there is a
shift of E towards lower energies upon annealing. '
This is interpreted as reflecting a change from a
molecular solid containing As,S, units to a poly-
merized cross-linked glass. Thus to check the
validity of this explanation for the behavior shown
in Fig. 1, me decided to measure the optical ab-
sorption constant and the index of refraction as a
function of composition.

The experimental plan of attack aimed at addres-
sing ourselves to the problems presented by this
system thu. s involves determining the dc conduc-
tivity, thermopower, optical absorption constant

and index of refraction of thin amorphous films
of Te,Tl, , as a function of composition. These
experiments are complicated by the fact that the
films must be deposited on. liquid nitrogen cooled
substrates and measured in situ.

If it proves to be the case that neither of the two
proposed models provides us with an accurate pic-
ture of charge transport in amorphous Te„Tl, „
films, the proposed experiments will reveal much
about the electronic density of states of the sys-
tem. Since this system is in many ways quite un-
usual, knowledge of its electronic density of states
may provide useful clues about the nature of the
density of states of amorphous semiconductors in
general.

III. EXPERIMENTAL PROCEDURE

A. Transport measurements

By coevaporating Te and Tl from separate
sources, it was possible with proper substrate
placement to obtain in one evaporation a series of
films of slightly different compositions. Since the
conductivity maxima were expected to be quite
sharp, this configuration was also chosen to in-
crease our chances of obtaining data at the maxi-
ma. In such a configuration, Tl was evaporated
from a tungsten boat while Te was evaporated
from a cylindrical quartz cell with a small (-1 mm)
opening at the top. This type of source' makes it
possible to keep the surface to volume ratio of the
charge quite small thus reducing the possibility
of evaporating a surface oxide of Te rather than
pure Te. The cell was heated by passing a current
through a tungsten coil wound around the quartz
cylinder. Impurity levels in the charge material
were ~10 ppm. In a diffusion pumped system with
a base pressure of better than 2 && 10 ' Torr,
1-2-pm-thick films were deposited at a pressure
of approximately 2 & 10 ' Torr and at an evapora-
tion rate of approximately 40 A/sec.

Deposition was monitored with two quartz oscil-
lators —one for each source. Calibration samples
were deposited on Dow Corning 7059 glass and
dissolved upon completion of each experiment for
compositional analysis with a Perkin Elmer model
603 atomic flame spectrometer. The expected
composition of each sample was calculated from
the frequency shifts of the oscillators. In Fig. 2
we show the calculated curve for the ratio of the
frequency shifts (r fT,/r f») versus composition.
The calculated expected composition and the mea-
sured composition of the calibration sample were
within 2 at. % of each other as can be seen for the
three points shown.

For transport measurements, coplanar paladium
electrodes' were sputtered onto sapphire sub-
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FIG. 2. Calculated and observed compositions of films
of Te Tl2 vs the ratio of deposition monitor frequency
shifts (&fT,/Af~). For a given ratio AfTel &f~ we cal-
culate the expected composition of our films and show

this as the solid line. The points shown represent the
measured compositions of three typical samples as de-
termined by atomic flame absorption spectroscopy. The
calculated and observed compositions always l.ie within

two atomic percent of one another.

strates mounted to a Dewar which extended into the

vacuum system. Construction was such as to allow
control of the sample temperature and the thermal
gradient across the sample from VV to 300 K. The
optical measurements were accomplished in situ
by constructing a hinged Dewar extension for
mounting sapphire substrates. The substrate could
be held horizontally for deposition from below and

then moved to a vertical orientation for the optical
transmission measurements. Temperature con-
trol from 110 to 300 K was possible. Substrate
temperature was measured with chromel-alumel
thermocouples soldered to the sapphire.

The results of our measurements" of the conduc-

tivity as a function of composition for virgin sam-
ples of Te Tl, deposited and measured at VV K are
shown in Fig. 3. For these samples, our data
agree quite well with the published data of FPA.
The broad minima at integral m and the sharp
maxima at half-integral m are reproduced accur-
ately.

We were quite surprised, however, to find that
for annealed samples prepared as described above,
the results of FPA cannot be reproduced. Upon
annealing the effects attributed to chemical order-
ing no longer exist. That is, all samples are quite
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resistive and the maxima seen in Fig. 3 disappear.
This behavior is illustrated in Fig. 4 where we

plot the conductivity 0 of one of our more conduc-
tive samples versus inverse temperature 1/T.
After deposition at VV K, cr at any given T becomes
more and more resistive as subsequently higher
annealing temperatures are reached until approx-
imately 150 K where the annealing effects have
saturated. Upon reaching this temperature, the
sample no longer anneals and its g(T) curve can
be retraced reproducibly as the temperature is
cycled up and down until the sample crystallizes
and becomes quite conductive at its crystallization
temperature T,=190 K. Samples that are resistive
when deposited exhibit conductivity curves very
similar to that shown for the fully annealed sample
of Fig. 3.

For the temperature range spanned by these
experiments, it is convenient to describe the con-
duction with the expression

v = C exp(- b.E/kT),

where 4 is Boltzmann's constant and hE is the ac-
tivation energy for conduction. The prefactor C

FIG. 3. Compositional dependence of the dc conductivity
& of virgin coevaporated samples of Te Tli deposited on
77-K substrates. For virgin samples, the features of
Fig. 1 are reproduced. Typical error bars are shown on
the open circle.
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FIG. 4. Temperature dependence of the dc conductiv-

ity of coevaporated films of Te2 5T12. As higher anneal-
ing temperatures are reached for each successive heat-
ing cycl, e, the subsequent cycle begins at 103/T = 13 with
a much lower conductivity. This annealing effect satur-
ates at 150 K and the sample can be cycled reproducibly
up and down the points shown (open triangles) until the
fil, m crystallizes near 200 K.

contains information about the temperature depend-

ence of the energy gap and the density of states and

mobility of charge carriers at the band edge. '
The temperature dependence of the conductivity

of all of our annealed samples —regardless of

composition —resembles that shown in Fig. 4. The
values of AE and C for samples spanning the com-
position range studied are shown in Fig. 5. We
find 0.14» b E ~ 0.17 eV and 2 x 10 ~ C «10
0 ' cm ' with variation that appears to be experi-
mental scatter rather than any compositional de-
pendence of the high-temperature conduction mech-
anism. The error bars on the points shown for
n.E (solid circles) represent the uncertainty in

fitting the v(T) data to a straight line. Error bars
have been left off of the C data (open circles) for
clarity, but these errors should be proportional
to the corresponding errors on the AE points.

The behavior of the conductivity of our samples
after annealing is what one might expect for the
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FIG. 5. Activation energy AE and conductivity pre-
factor C applicable for high-temperature conduction
[o =C exp(-hE/k'T] for films of Te Tl2 vs composition
m. Both b, E and C are composition independent for the
films studied. The data of Ferrier et al. Nef. 5) for
activation energies is shown as the broken line. The
error bars are left off of the data for C for clarity, but
the uncertainty should be proportional to the corres-
ponding error in measurement of h, E for each composi-
tion.

Te- Tl system from the outset. That is, all bonds
can be satisfied at all compositions and samples
of different compositions might not be expected to
have strongly different energy gaps. Thus charge
transport in films of all compositions would be of
similar character.

Because of the strong annealing effects, a mea-
surement of the thermopower S of conductive films
is not possible. Since any increase in temperature
causes these films to anneal, the development of
the gradient necessary to measure S causes an-
nealing. Measurement of S for fully annealed sam-
ples is possible, however, and all of the films
have positive S of roughly 1-2 mV/K. Again, the
scatter in these values is not associated with com-
position.

8. Optical measurements

With the surprising results obtained in transport
measurements in mind, we next investigate the
optical properties of the Te- Tl system. For films
prepared as described above we find no corn. posi-
tional dependence of the optical absorption or the
index of refraction. In addition, the optical prop-
erties of all films are not affected by annealing
prior to crystallization. Thus the anomalous be-
havior of the Te- Tl system is seen only in the low-
temperature conduction of unannealed films. The
optical data demonstrate the fact that the density
of electronic states in the valence band and the
conduction band are not noticeably affected as one
proceeds from one composition to another. Hence
the majority of the bands in the Te- Tl system are
not a function of composition. The optical results
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FIG. 6. Optical absorption constant e vs incident

photon energy E for amorphous Te Tl2 of various com-
positions. n (E) for all compositions reproduce the
curves shown for these three samples. From these
data we find the energy at which n = 10 cm to be Ep4
= 0.75 + 0.03 eV.

are shown in detail in Figs. 6-8 and are described
below.

It is convenient to characterize the band gap of an
amorphous semiconductor by determining the en-
ergy E~ at which the absorption constant z =10'
cm '. We show our data for ~ as a function of the
energy of the incident radiation E for several sam-
ples in Fig. 6, and although only three samples
are shown, these exhibit representative scatter in
the data. For these coevaporated samples we find
E04 0.75 + 0.03 eV—independent of composition
Samples of Te Tl, where 1.8 ~m - 3.8 all have
features identical to those shown in Fig. 6.

To assign a value to the optical energy gap, the
absorption constant is expressed as a product of
a matrix element times an integral over the joint
density of states for the initial and final optical
transition states. Assuming parabolic bands and
performing the integration, one finds nE = (E —E,)'
where E is the optical energy gap. In Fig. 7 we
show plots of (o E)'~' vs E for three samples of
different compositions. Extrapolation of these
data to (o E)'~' =0 gives E,. Again the samples
shown display representative scatter of the data for
films of all compositions. The values of E, de-
termined from such plots were 0.35~E «0.41 eV.
Again there is no correlation between the optical
band gap and composition.

The index of refraction n is likewise independent
of composition over the entire spectral range
studied (0.4-0.75 eV). In Fig. 8 we show the ener-
gy dependence of the index of refraction for films
of many different compositions.

Upon annealing to the crystallization temperature
T„ the films become opaque within the sensitivity
limit of our optical system (transmission&0. 5%).
For almost all films T, = 280 + 15 K. However, for

films of Te Tl, near half-integral m, T, is meas-
urably lower. That is, T,(m -2.5, 3.5) =170+20 K.

In one sense the transport and optical results
described above give us a clearer picture of the
nature of coevaporated samples of Te Tl„but in
another sense they pose futher problems. From
the optical data we can conclude that the electronic
band states are independent of composition. It
appears as though the virgin samples near half-
integral m compositions have considerably more
defects or broken bonds than the samples near in-
tegral m. These defects give rise to a high density
of localized gap states which can then be annealed
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FIG. S. Index of refractionn of amorphous Te T12
versus incident photon energy E for many different
values of m. The index of refraction does not depend
upon composition in this spectral range.
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FIG. 7. {nE)' vs incident photon energy E for amor-
phous Te Tl2. Here e is the optical absorption constant.
Extrapolation of these data to the intersection on the
horizontal axis where (Q.E) ~ = 0 gives E~, the optical.
energy gap.
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from the films. Since the gap is relatively small,
only a small number of defect states are needed to
raise the density of localized states at the Fermi
level appreciably.

This filling in of the gap as one proceeds from
m to m+-,' would not be noticeable in the optical
properties for the spectral range we investigated.
At lower incident photon energies, these gap states
would come into play, but in order to measure
optical absorption in this region, thick samples
(-1 mm thick) would be required. Such thicknesses
could not be produced by vacuum deposition since
the stresses built up during deposition would cause
the film to peel from the substrate long before a
thick enough layer could be grown.

The vanishing of the high conductivity for half-
integral m samples upon annealing conflicts with
the observation of FPA that annealing enhances
differences in the conductivity. In order to re-
solve this conQict, we decided to reproduce the
method of film preparation of FPA as closely as
possible. They used a flash evaporation system in
the manner described below.

C. Flash evaporated samples

From a description" of the flash evaporation
apparatus used in the studies of FPA, we built a
system as shown in Fig. 9. Powders of grain size
125-177 p.m were ground in the room atmosphere

Cu

ECTRODES

FIG. 9. Schematic drawing of the apparatus built to
flash evaporate powders of Te-Tl. Mixed powder is
placed on the molybdenum conveyor belt |'0.002 in.
thick) as shown. When current is passed from one
electrode through the belt to the other electrode and the
take-up drum is rotated, the powder is conveyed to the
evaporation region where it flash evaporates.

at (50-70)% relative humidity from single pieces of
Te and Tl. The powders were mixed in the desired
ratio and placed on a 0.002-in. -thick molybde-
num conveyor belt as shown in the figure. The
system was evacuated within 15 min of grinding.
Deposition conditions and charge material were
identical to those used in coevaporation except
that the deposition was monitored with one oscilla
tor and kept at a rate of 50-100 A/sec. To depos-
it, a current of 60-A ac was passed through the
portion of the conveyor belt touching the electrodes
shown. %hen the take-up drum was rotated, the
belt conveyed the powder into the evaporation re-
gion where it flash evaporated. As with the co-
evaporated samples, a composition calibration
sample was included in each run. %ith this system
the composition of the deposited film was the same
as that of the mixed powder to within 2%.

The optical properties of the flash evaporated
films are nearly identical to those of the coevapor-
ated films. In particular, both of the measures
of the optical energy gap (Eo~ and E ) and the index
of refraction (n) lie within the same ranges given
above for coevaporated films. For flash evapor-
ated films of compositions near half-integral m,
however, the crystallization temperature T, is
higher than in the corresponding coevaporated
film; specifically T,(m -2.5, 3.5) = 240+15 K. For
integral m, T, is the same for both types of films.

As before, similarities in optical properties re-
flect similarities in the principal bonding. That
is, we conclude for flash evaporated samples as
we did for coevaporated samples that the majority
of the bonds in the system do not change as a
function of composition. Furthermore, it is clear
that flash evaporated and coevaporated samples
are quite similarly bonded since their optical prop-
erties are essentially identical.

The conductivity o of virgin flash evaporated
samples of Te Tl, is shown in Fig. 10. In this
figure we have superposed the data for flash evap-
orated samples (shown as open circles) over the
data for coevaporated films previously presented
in Fig. 3. Once again the results of FPA for fresh-
ly deposited films are reproduced. Broad minima
and sharp maxima occur at integral and half-in-
tegral m respectively. Upon annealing, however,
we were surprised to find that the maxima persist
in the annealed samples, i.e., the structure shown
in the o versus composition data of Fig. 10 exists
for annealed as well as for virgin samples. De-
spite our conclusions in the previous paragraph
that the principal bonding is the same for samples
prepared by either technique, these conductivity
data demonstrate that the structure of flash evap-
orated films is sufficiently dissimilar from co-
evaporated films to result in very different trans-
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FIG. 11. Temperature T dependence of the dc conduc-
tivity o of the flash evaporated amorphous Te2 8T12. No

change in the behavior of 0' is observed for samples
annealed as shown. The film crystallizes at 235 K. De-
composition of ~ into two terms as per Eq. (2) of the
text is illustrated with the two dotted lines.

FIG. 10. Compositional dependence of the dc conduc-
tivity 0 of flash evaporated samples of amorphous
Te Tl2. The flash evaporated samples are shown as
open circles and are superposed on the data of Fig. 2

for coevaporated sampl. es. For the flash evaporated
samples, the features in these data persist for annealed
samples. Typical error bars are shown in the open
circle in the upper right.

port behavior.
The response of a relatively conductive sample

to annealing is demonstrated in Fig. 11 where we
plot log» o vs (1/T). The virgin sample is rela-
tively conductive and remains so through anneals
to 105 and 167 K. Upon crystallization at 235 K,
the sample becomes much more conductive. It
was possible to cycle along similar curves for all
of our flash evaporated samples of Te Tl, at com-
positions near half- integral m. The resistive sam-
ples near integral m, on the other hand, behave
very much like the resistive coevaporated samples.
That is, o(T) resembles the fully annealed sample
of Fig. 4.

One distinctive difference between our flash ev-
aporated samples and those of FPA lies in the be-
havior of the conductivity of annealed films. This
can best be seen by comparing Figs. 1 and 10. For
the composition range covered in both figures
(2~m~4), the behavior of the conductivity of vir-
gin films from both laboratories is similar. How-

ever, upon annealing the conductivity of our flash
evaporated films rema, ins unchanged while that of
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FIG. 12. Temperature dependence T of the thermo-
power S of flash evaporated amorphous Te2 &T12. S is
positive for 103/T & 7, but is negative for lower temper-
atures. The features shown here occur in all flash eva-
porated samples of Te Tl.2 near half-integral ~.

films of FPA change in the manner shown in Fig. 1.
More precisely, FPA find for 2&m &2.5 and 3 &m
&3.5, that their films are unaffected by annealing
while for 2.5&m&3 and 3.5&m&4, annealing re-
sults in a marked decrease of conductivity.

The resistive flash evaporated films (m integral)
have positive thermopower for 95 ~ T ~ T,. The
magnitude was generally between 0.4 and 1.0 mV/K
over this range, and no single analytical form fit
the S(1/T) data for all samples. There was no
correlation between the thermopower and composi-
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tion for these samples. At the conductivity max-
ima (m half-integral) all films exhibit thermopower
behavior similar to that seen in Fig. 12. S is posi-
tive and rather small for 103/T & 7. Then for low-
er temperatures, S changes sign and. achieves a
relatively temperature independent value of
-0.2 mV/K.

In performing experiments aimed at explaining
the properties of Te Tl, associated with chemical
ordering, we have here uncovered what might be
an important clue to aid us. If we can explain why
flash evaporated and coevaporated films behave
differently in the manner described above, we may
be led to a better understanding of chemical order-
ing and the role it plays in the amorphous Te- Tl
system.

D. Oxidation studies

One difference between the two preparation
methods used appears to be that in the FPA pro-
cess of flash evaporation of powders from a con-
veyor belt, there is great likelihood of oxidation
of the powders before the system is pumped down.
The Tl powder in particular tarnishes noticeably
from a shiny metallic to a dull grey appearance in
the short time (15 min) needed to grind, weigh
and transfer the powder. In coevaporation, on the
other hand, the surfaces of molten Te and Tl ap-
pear to be clean and perhaps oxide-free. In ad-
dition the surface to volume ratio is much less for
the charges used in coevaporation than for the
grains of powder used in flash evaporation. The
use of the Knudsen cell described above lends
further support to the assertion that the coevapor-
ated films are oxide-free.

To determine the amount of surface oxide on the
flash evaporated powders, we must know the sur-
face to volume ratio of the grains of powder and
the mass added to clean surfaces of Te and Tl per
unit surface area during the oxidation process.
From the microscopic appearance of the powder
grain size, shape and surface texture, we estimate
the surface to volume ratio to be 5 x 10' cm '.

To ascertain the rate of oxide growth on clean
surfaces of Te and Tl we coevaporated films of
each onto 5-MHz quartz crystal oscillators used as
deposition monitors and measured the frequency
shift upon exposing the oscillators to room air.
The results of these experiments are shown in
Fig. 13. The frequency decrease (and thus the
mass increase per unit area) is plotted versus
time t. At t =0 we admitted one atmosphere of dry
nitrogen and observed a small shift of frequency
most likely associated with the change in pressure.
At t = 20 min we admitted room air at 22'C and
55k relative humidity and observed a large fre-
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FIG. 13. Mass added per unit area of freshly depos-
ited surfaces of Te and Tl versus time t after exposure
to dry nitrogen and air. These data were obtained by
measuring the frequency shift of 5 MHz quartz crystal
oscillators onto which fresh films of Te and Tl had been
deposited. At t = 0 the surfaces were exposed to one
atmosphere of dry nitrogen. At t = 20 min, room air
was admitted to the vacuum sytem and the subsequent
oxidadon saturated to 3 (6) h for the Te (T1,) surface.
Between t =7 and t = 8 h, the vacuum system was re-
evacuated to determine the contribution of condensed
water vapor to the observed frequency shift.

quency shift that saturates after 6 h for Tl and
3 h for Te. Oxidation after 15 min (the time it
usually takes us to grind, weigh, and load the pow-
der) is 70% of saturation for Tl and 50/g for Te.
To determine the amount of water adsorbed and un-
reacted on the surfaces, we reevacuated the sys-
tem and measured the frequency shift due to its
added mass. This shift can be seen on Fig. 13 be-
tween t=7 h and t=8 h. From the data of Fig. 13,
we estimate the mass added per unit area of our
powders to be 0.6 p, g/cm' for Te and 3.6 pg/cm'
for Tl.

From our estimates of the surface to volume
ratio of the powder grains and the experimentally
determined value of the mass added to clean Te and
Tl surfaces upon oxidation, we estimate the oxy-
gen content of the powders used in flash evapora-
tion to be on the order of 1 at.%.

We checked these estimates of the oxygen content

by performing Auger emission spectroscopy" on

both types of samples. Using a pressed powder
sample of Te, Tl, and TeO, as a standard, we de-
termined the oxygen content of the flash evaporated
films to be 2-5 at. jo. The coevaporated films are
oxygen-free within the sensitivity limit of the
Auger measurement (&0.5 at.%). By argon ion

sputter etching in the Auger spectrometer, it was
possible to obtain a depth profile of the films'
compositions. Figure 14 shows a plot of the per-
cent of each of the three constituents of 1-p,m-thick
films as a function of sputtering time. All films
have a relatively uniform distribution of Te and Tl
and as expected also a surface oxide that can be
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FIG. 14. Auger depth profile for flash evaporated and

coevaporated films of amorphous Te Tl2. The coev-
aporated film is oxygen-free while the flash evaporated
film contains approximately 2-5-at.% oxygen. The oxy-
gen content is not uniform through the depth of the flash
evaporated film. Relatively weak Auger transition were
monitored in order to allow the overall system gain to
be operated at a high level. This improves the dynf2~ic

range of the instrument and maximizes the sensitivity
for oxygen, but necessarily leads the noisy signals
seen for Te and particularly Tl.

sputter etched from the film in 15-30 sec with an

argon ion beam of 2 x 10' mA/cm'. The oxygen
content in the flash evaporated films is not uni-
formly distributed throughout the depth of the
films. There are regions near the film-substrate
interface as well as near the film-vacuum inter-
face where the film is relatively oxygen-rich
(-S-at.% oxygen). Throughout the bulk of the flash
evaporated film, there is a uniform content of
l-at. % oxygen. It must be stressed that the Auger
work was done after the films reached room temp-
erature. Thus they were polycrystalline since the
crystallization temperature is T,- 280 K. We were
not able to obtain Auger spectra on amorphous
films since the films had to be removed from the
deposition system and transported to the Auger
spectrometer at room temperature. Thus it is im-
possible to tell whether the oxygen profile of the
oxygenated films described above is a feature of
the freshly deposited films, or whether it is due
to subsequent migration of the oxygen upon anneal-
ing and crystallization.

o=C exp(-nE/kT)+o, (T) . (2)

The two terms on the right in Eg. (2} are repre-
sented by the two dotted lines in Fig. 11. In the
high-temperature regime, Eg. (2) reduces to Eq.
(1) and the interpretation of the conduction process
is quite straightforward. The value obtained for
C is typical for conduction due to carriers excited
into extended states. For this type of conduction in

an amorphous semiconductor, it is quite often the

By correlating the information we have about the
oxygen content of our films and their transport
properties, we can begin to formulate a cohesive
picture of the conduction process. It is plausible that
as little as 2- or 3-at.% oxygen does not influ-
ence the measured optical properties since this
amount of oxygen would not significantly alter the
bonding of the material. On the other hand, such a
small amount of oxygen could easily be sufficient
to lock in localized gap states and prevent their
annealing. This is particularly reasonable since
these gap states are associated with defects and
dangling bonds and this is precisely where one
might expect oxygen to incorporate itself into the
material.

Because crystalline order need not be conserved
in a disordered system, the introduction of impur-
ities into an amorphous semiconductor does not
generally alter the properties of the material ap-
preciably. This is so because the disordered mat-
rix can adjust its bonds to accommodate the im-
purities and thereby satisfy all local bonding re-
quirements. " The introduction of impurities has
been known, however, to affect crystallization.
For example, a change in the crystallization pro-
cess correlated with the presence of oxygen has
been observed" in thin films of amorphous ger-
manium, but in this case crystallization at a given
temperature is merely slowed down by the oxygen.
Given this observation, ii is not surprising that
the crystallization temperature of Te Tl, was
found to be a function of oxygen content. However,
it is remarkable that the presence of oxygen can
so dramatically inhibit the annealing process.

It is most likely that our films and those studied
by FPA contained significantly different amounts of
oxygen. The differences observed in the annealing
behavior discussed above (Sec. III C} is probably
associated with different levels of oxygen irnpuri-
ties in the samples prepared in the two laborator-
ies.

From the results presented in Fig. 11, it appears
as though there are two distinct conduction regimes
spanned by the data. We might express this by
writing the conductivity as
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o,(T}o- exp[- (T,/T)' ~'] . (4)

Here T, is a function of the density of states at the
Fermi level and the spatial extent of the localized
wave functions of the electronic gap states. As
stated above, it is not possible to determine the
exact temperature dependence of 0, so we cannot
distinguish between these two processes in our
data. We can, however, fit the low-temperature
conductivity data for oxygen-doped samples at con-

case that b E --,'E, , and this is again true for our
samples.

The low-temyerature conduction is not so easily
interpreted for several reasons. Not the least of
these is the fact that our data spans so narrow a
range of conductivities that the exact temperature
dependence of o, is impossible to ascertain.

The first of our a priori explanations of the be-
havior of the low-temperature charge transport
in Te Tl~ has clearly been ruled out, i.e. , o, can-
not be described in terms of differences in bond-
ing between integral and half-integral m materials.
It also seems clear that the origin of the conduc-
tive behavior given by o, is probably not a mani-
festation of a charge transfer system as proposed
at the outset of our investigation. This is so be-
cause the thermopower is composition independent
for most of our oxygenated samples. We cannot
rule out charge transfer completely, however,
since the thermopower often exhibits exceptional
behavior in small band-gap materials. " For ex-
ample in amorphous Tl,Te As, Te„Nagels
et aL" find hE =0.25 eV while the activation ener-
gy determined from the slope of S against 1/T is
0.13 ev.

Because of the relative temperature independent
behavior of O„we can conclude that conduction in
the low-temperature regime takes place near the
Fermi level E~. This situation may have arisen
because of a movement of E~ towards one of the
bands. But this would require donors in the upper
half of the gap (since the thermopower is negative)
and the absence of any other gap states of suffici-
ent number to pin E~ near mid-gap. A more phys-
ical explanation is that the conduction process has
moved to the Fermi level, i.e. , to mid-gap.

Two distinct transport processes are known to
occur when conduction takes place at E~ in am-
orphous semiconductors. The first of these is
nearest-neighbor hopping"' and results in a con-
ductivity given by

o,(T) ~ exp(- a,/kT),

where &, is the average energy difference between
nearest neighbors. The other process is variable
range hopping" and its temperature dependence
can be expressed as

ductivity maxima to expression (3) and (4) to de-
termine if the resulting values of z, and T, are
reasonable.

For nearest-neighbor hopping, we find e, to be of
the order of 1 meV. This value lies in the range
of the theoretically and experimentally determined
values"'" for nearest-neighbor hopping energies.

Fitting the data of Fig. 11 to Eq. (4} for variable
range hopping, we find T, - 2 && 10' K. This value
is relatively small, but is certainly a physically
reasonable value similar to that found in other
amorphous semiconductors. ""

In referring again to Fig. 5, we can now under-
stand the apparent discrepancy between our re-
sults and those of FPA who show a compositional
dependence of the activation energy as shown with
the broken line. FPA have here referred to the
low-temperature conduction as an activated pro-
cess, thus obtaining activation energies as low as
1 meV. The true high-temperature activation en-.

ergies of FPA closely resemble our data as shown
in Fig. 5.

Although we cannot determine the exact nature
of the conduction given by o,(T), the abruptness of
the transition from band conduction to localized
state conduction can shed light on the density of
electronic gap states. In other amorphous semi-
conductors in which a change to nonintrinsic con-
duction has been observed at low temperatures, "
the change of slope on the o-vs-1/T plot is more
gradual than that seen in Fig. 11. For such semi-
conductors one generally pictures the conduction
mechanism as sliding gradually into the pseudogap
as the temperature is lowered. In the high-temp-
erature regime, intrinsic conduction takes place
in the bands and the activation energy is constant
over a large temperature range. As the amorphous
semiconductor is cooled, a temperature is reached
at which sufficient thermal energy is not available
to excite charge carriers from the Fermi level to
the extended states at the mobility edge and the
activation energy begins to decrease. At this
temperature, conduction takes place in the pseudo-
gap very near the mobility edges. As still lower
temperatures are reached, the states contributing
to the conduction lie further and further into the
pseudogay and the activation energy decreases
more. As the conduction mechanism approaches
the Fermi level at still lower temperatures, the
conduction becomes very weakly temperature de-
pendent. At these temperatures, a hopping model
is frequently employed to account for the tempera-
ture dependence of the conductivity. Redfield"
has analytically examined the temperature depend-
ence of the conduction in terms of a model in which
the conduction process behaves in the manner de-
scribed. For a model with no features in the den-
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sity of electronic gap states, he finds a gradual
change in the slope of the o-vs-I/T plot.

The conductivity of Te Tl, for half-integral m
behaves much differently. In Fig. 11 an abrupt
change is seen to occur in the slope of the 0-vs-
I/T plot. It appears, therefore, that as the temp-
erature is lowered the conduction mechanism
jumps suddenly in energy from extended states
near the mobility edge to localized states at the
Fermi level. These data imply that a peak exists
in the density of electronic gap states at the Fermi
level. Such a model has been proposed by Davis
and Mott." We find such a picture of the electron-
ic density of states to be quite reasonable for
amorphous films of Te Tl, at half-integral m.

From the results of our experiments we now
have a more complete picture of amorphous
Te Tl, and should reassess our initial view of the
system as being strongly chemically ordered.
Certainly the compositional dependence of the con-
ductivity cr shown in Fig. 10 is among the most
dramatic compositional effects ever observed in an
amorphous system. The regularity of the behav-
ior of o when plotted versus m initially leads one
to assume that the solid is composed of molecular
aggregates of Te Tl, with integral m. The activa-
tion energies as published by FPA (Fig. 5) lend
further weight to the assertion that fundamental
changes occur in Te Tl, as the composition is
varied from one integral value of m to the next.
We have now shown, however, that this interpre-
tation of the temperature dependence of the con-
ductivity is mistaken.

The extreme fluctuations seen in Fig. 10 occur in
the low-temperature regime where conduction is
dominated by a relatively small number of local-
ized electronic gap states. A few atomic percent
of oxygen can strongly alter the annealing behavior
of these few states. The fluctuations of cr are ac-
tually subtle changes in the overall density of elec-
tronic states but since we examine the conductivity
in a low-temperature regime, these changes ap-
pear in an exponential manner. Our optical data
further emphasizes the fact that the principal fea-
tures of bonding and transport in amorphous
Te Tl, are not composition dependent.

Generally when one speaks of chemical ordering
in an amorphous system, one observes changes in
the high-temperature activation energy" as a func-
tion of composition. As seen in Fig. 5, the activa-
tion energies of Te Tl, are not a function of com-
position. It is the low-temperature tail of Fig. 11
that has strong compositional dependence. Thus
when we speak of chemical ordering in the amor-
phous Te- Tl system we must point out that despite
the remarkable behavior of the compositional de-
pendence of the low-temperature conduction, the

system is not strongly chemically ordered in the
usual sense of the term.

Although we now have a more complete picture
of conduction in thin films of amorphous Te Tl„
we have not solved the problem of why the density
of defects or dangling bonds is higher for half-in-
tegral m compositions. We have, however, un-
covered an equally exciting problem. Namely,
how does the presence of oxygen affect the local-
ized gap states. We have found that a few atomic
percent of oxygen drastically affects the annealing
behavior of defect states. The interaction of oxy-
gen with these states gives us one of our first real
handles on the chemistry of localized states in
amorphous semiconductors. A more complete
study of the effects of oxygen on the transport
properties of this system may reveal much about
the nature of localized gap states in amorphous
semiconductors.

A more exact determination of the temperature
dependence of the low-temperature conduction for
films of half-integral m wouM also help in this re-
gard. Determination of the temperature depend-
ence of 0, down to liquid-helium temperatures
should certainly prove to be an informative invest-
igation.

V. CONCLUSION

The published data on the dc conductivity of thin
amorphous films of Te„T1, „present one with prob-
lems basic to the understanding of chemical bond-
ing and charge transport in amorphous semicon-
ductors. Starting with models proposed to account
for the behavior of these films, we designed sev-
eral experiments aimed at establishing the valid-
ity of each model. Although the results of our in-
vestigations established that neither of our mod-
els accurately portrays the physical origin of the
observed properties of the system, we were led
to interesting new insights into the structure of the
electronic density of states of the system. This
in turn led us to other experiments aimed at
further illucidating this density of states and ul-
timately we emerged with a clearer picture of
charge transport in amorphous Te„T1, „films.

We found that the bonding in the Te- Tl system
is not a function of composition and that doping
with several atomic percent of oxygen does not
significantly alter this bonding. The strong corn-
positional dependence of the conductivity is due
to a peak in the density of electronic gap states
that occurs at compositions corresponding to half-
integral m in films of Te Tl, . These gap states
can be removed from pure films upon annealing,
but the introduction of a few atomic percent oxy-
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gen can succeed in locking the states into the sys-
tem even for annealed samples. Our results have
shown that despite the dramatic fluctuations seen
in the compositional dependence of the low-tem-
perature dc conduction, the amorphous Te- Tl sys-
tern is not strongly chemically ordered in the usual
sense of the term.

Further investigation of this unique system could
quite possibly lead to new insights into the nature
of localized states in amorphous semiconductors.
For example, a controlled oxygen-doping study
might yield fruitful information about the chemis-
try of defect states or dangling bonds. Coupled
with such a study, efforts to measure the conduc-
tivity at lower temperature should be undertaken to
better characterize the low-temperature charge
transport mechanism.
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