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A new method has been used to remove oxygen impurities from selenium, which has made it pos-
sible to make relatively reproducible measurements of the electrical conductivity o and the thermo-
power S of Se-rich alloys. We report the results of a brief study of Tl,Se o _, alloys with x <4 and
a more extensive study of Se,Te;g_, With x in the range of 50 to 100. The TI-Se results provide
quantitative evidence for the removal of oxygen impurities from Se, and a quadratic dependence of
o on x is found which supports a model for the electrical behavior based on the presence of diatom-
ic TISe~ ions. Over much of the experimental range of composition and temperature in the Se-Te
alloys, o and S have a behavior which conforms to a model of transport by holes at the mobility
edge of the valence band, with a minimum metallic conductivity o in the range from 10 to 40
Q- 'cm™'. The transport data yield the distance of the Fermi energy Er from the mobility edge
E,,. With the help of bond equilibrium theory for the effects of bond defects, it has been possible to
separate the effects of T and x on Er and E,;, with the result that the large changes in Ex—E,, are
found to be mostly due to changes in E,; with x and T, rather than changes in Er. At high T and at
compositions approaching x =50, where the Maxwell-Boltzmann approximation is poor because
Er—E, is small, analysis based on Fermi-Dirac integrals yields quantitative evidence for the pres-
ence of a mobility edge, and a density of states which increases linearly with the hole energy. At
x > 80, the thermopower falls off and goes through a maximum with decreasing 7. This behavior is
analyzed in terms of added transport at energies above E,;, but it has not been possible to account
for it in terms of the expected behavior of localized states in the valence-band tail, simple donor or
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acceptor band states, or states at the conduction-band edge.

I. INTRODUCTION

The electrical conductivity o and the thermopower S
of high-resistivity selenium-rich liquid-semiconductor al-
loys are quite strongly affected by the presence of small
concentrations of impurities. One of them, oxygen, is
particularly difficult to remove. Among the experimental
difficulties attributable to the presence of small quantities
of oxygen, are variable curves for electrical conductivity
o(T) and thermopower S(T) as a function of tempera-
ture T, depending on the method of preparation of the
sample and the thermal history of the sample. Similar
difficulties are found in the study of selenium or its alloys
in the crystalline and amorphous states.

There have been many reports on the effects of oxygen
and methods for purification of Se. Much of this work
has been in relation to the properties of the amorphous or
crystalline state.!~® Studies emphasizing the effects on
liquid Se have been reported by Henkels and Maczuk,>!°
and by Gobrecht and co-workers.'"'!? Se is a constituent
in many alloy systems which are liquid semiconductors,
and the effect of oxygen impurities in preventing reprodu-
cible measurements has apparently impeded the study of
these alloys in the Se-rich composition ranges, where the
conductivity is small enough to be affected by uncon-
trolled impurities.

The binary alloy Se-Te, in particular, is a key system,
and we have been trying for a long time to obtain data in
the Se-rich range suitable for analysis, in order to deduce
information about the electronic structure. Several
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methods for purifying Se have been tried, including some
methods reported in the literature as well as newly
devised ones. None of them have succeeded in yielding
reproducible data until we developed a method which de-
pends on combining the oxygen impurity with a small
amount of added aluminum, followed by distillation of
the selenium. This method, called Al purification for
brevity, reduces the apparent effects of uncontrolled im-
purities in liquid Se to a very significant degree. This has
made possible a study of Se-Te alloys, which is the main
subject of this paper.

Although we have not made a comprehensive study of
the effects of oxygen, we think that it will be worthwhile
to describe the concepts concerning the metallurgy of ox-
ygen in selenium which have guided the interpretation of
our experiments. This will be done in the next section,
which describes the purification procedure. Our ability
to measure the amount of oxygen in the samples has been
very limited due to the special difficulties in trace analysis
for this element. The main quantitative evidence for the
removal of the oxygen from selenium is indirect. It
comes from a series of thermoelectric measurements of
T1-Se alloys in a composition range 0-4 at. % Tl. We
shall report these results and their interpretation in Sec.
III, since they provide the main justification for the as-
sessment of our results in terms of relatively oxygen-free
Se. The main work is a study of the alloy system
Se,Te;po_, in the composition range x =50-100 in
which semiconductor behavior occurs, and the experi-
mental results will be described in Sec. IV. In Sec. V
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theoretical analysis of the results indicates that the dom-
inant transport mechanism is Maxwell-Boltzmann (MB)
transport in extended states at the mobility edge of the
valence band. At the two extremes of the composition
range, other mechanisms start to play a role. Near
x=150, the Fermi energy approaches the mobility edge at
high temperatures, and it is necessary to analyze the re-
sults in terms of expressions involving Fermi-Dirac (FD)
integrals. In the Se-rich extreme, a change in shape of
the thermopower curves occurs which indicates an in-
creasing contribution to the transport from states at ener-
gies above the valence-band mobility edge, which we
shall refer to as ‘“‘additional” transport. We derive in Sec.
V detailed information about the magnitude of the con-
ductivity at the mobility edge and the behavior of the
Fermi energy and the energy of the mobility edge as a
function of temperature and composition. The overall
implications of our results in relation to other work is
discussed in Sec. VI.

II. PURIFICATION OF Se

At high temperatures, we expect much of the oxygen
to be incorporated into the chain structure of liquid
selenium, largely in the form of twofold bonded (2F)
atoms (—O—) substituted in the Se chains, together with
a number of other possible forms, such as one-fold bond-
ed (1F) negative ions (—O'™’), or SeO, molecular clus-
ters which may form a 2F unit —(SeO)—O— or a 1F
negative ion —(Se0)—O'~’. Since SeO, has a much
higher vapor pressure than Se, fractional distillation has
been a frequently used method of purification. At low
temperatures (i.e., near the melting point of Se), there is
evidence that SeO, tends to precipitate out of liquid Se as
a poorly soluble separate phase. Solid SeO, has a chain
structure similar to Se, with 2F —(SeO)—O— units in-
stead of —Se— units, so it seems possible that intermedi-
ate forms will occur at low temperatures in which clus-
ters of the form [—(SeO)—0O—], accumulate within Se
chains. As a result, the physical separation of SeO, may
be erratic due to nucleation phenomena involving SeO,
chain segments. This can account for some of the incon-
sistent behavior which is observed in the electrical and
optical properties of the liquid.'> Some purification pro-
cedures which have been used attempt to separate SeO,
by precipitation at low temperatures.

Another approach for removing oxygen from selenium
has been chemical reduction by carbon, ammonia, or hy-
drazine. These reactions are usually carried out at high
temperatures (> 500°C), but hydrazine reduction has
been carried out at temperatures close to the melting
point (219°C). The efficacy of this approach depends in
large measure on the difference in free energy of the two
competing forms in which the oxygen can be bonded, i.e.,
H,0 or CO versus SeO,. The Al-purification method is
based on the consideration that aluminum oxide is much
more stable than CO or H,O at temperatures around
500°C.

In our laboratory, a number of methods have been
tried, including fractional distillation at 180°C, distilla-
tion of Se at 500 °C combined with reduction by carbon at
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that temperature, and reduction with ammonia. None of
these procedures have led to a sufficient improvement in
the electrical properties of the liquid Se. The observed
behavior is similar to what has been reported by other
workers. The conductivity has two characteristics attri-
buted to the presence of oxygen (1) Plots of Ino versus
1/T generally have a lower temperature range in which
the activation energy E, is considerably lower than the
activation energy E, observed at higher temperatures.
(2) The magnitude of o(T) is variable for different sam-
ples, and in some cases it is affected by the thermal histo-
ry in the course of measurements. This variability is larg-
est in the low-temperature part of the o(T)."" The ther-
mopower curves are subject to considerably more varia-
bility with sample and thermal history. The behavior is
complicated by a more complex shape in S plotted
against 1/7. These curves have a positive slope at high
T, and with decreasing T, S goes through a maximum
and drops abruptly to negative values, where it tends to
level off at still lower T. Depending on the sample, there
is a large variation in the relative temperature ranges in
which these three kinds of behavior occur, and in the
maximum and minimum values of S at the two extremes
of temperature also vary considerably.

The Al-purification procedure is carried out in a V-
shaped fused quartz cell whose final shape is shown in
Fig. 1. At the start, there is a constricted opening to a
filling tube at the bottom of the right side. Commercial
highly purified Se and a small amount of Al is added and
transferred to the left side, after which the cell is sealed
under a vacuum. The cell is then placed in a tube furnace
at about 500°C with a baffle separating the two parts of
the cell at the narrow region. This makes it possible to
maintain the empty compartment of the cell at a lower
temperature, so that Se distills over to it within a few
hours or overnight. Then the cell is cooled, and the
purified sample is removed.

When the Se containing a small amount of Al is
brought to a high temperature, we expect the Al to react
with most of the oxygen which is present to form the very
stable compound Al,O;, and the remaining Al will be in
the form of aluminum selenide. On distillation of the Se,
whose boiling point is 685°C, the amount of Al and O
which is transferred depends on the vapor pressures of
atoms or molecules which may contain these elements.
Diatomic AlO molecules are known to have a vapor pres-
sure large enough to make spectroscopic measurements

baffle envelope
Se+Al| before empty
Al03 after Se

FIG. 1. Purification cell.



possible, and we expect diatomic AlSe molecules to have
similar properties. In order to minimize the distillation
of Al or O, we minimized the amount of excess Al, and
kept the distillation temperature as low as possible, con-
sistent with a reasonable distillation rate.

Trace analyses were made for Al and O in the purified
samples. The Al concentrations were 40—-70 ppm and the
O concentrations were 600—1200 ppm. The latter values
are in a similar range to concentrations for samples
which had not been purified, or which had been purified
by other methods. It is believed that the O found in the
Al-purified samples resulted from moisture absorbed
from the air through the walls of the polyethylene con-
tainers in which the samples were stored before the
analysis."* The Al-purified samples are very hygroscopic
and have a noticeable odor of H,Se which forms from re-
action with the moisture present in the air. The main evi-
dence that we have succeeded in removing oxygen comes
from the electrical properties of liquid-Se and Se-rich al-
loys with Te, Tl, and As, in which the effects attributed
to the presence of oxygen, discussed earlier, are absent or
markedly reduced. Quantitative information which
specifically indicates that the changes are due to the re-
moval of oxygen comes from an examination of ther-
moelectric data obtained for TI-Se alloys, which is de-
scribed in the next section.

III. MEASUREMENTS OF TI-Se

Measurements of o(7) and S(7) were made on
Tl, Se g0, alloys in the composition range 0-4 at. % TI.
There is a liquid-liquid phase separation at low tempera-
tures, and the temperature range was from the liquid
temperature up to about 610°C. The results are shown in
Figs. 2 and 3. Previous studies of T1-Se in this composi-
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FIG. 2. Logo vs 1/T for TI-Se alloys. Compositions are
given in at. % TI. The symbols indicate the compositions mea-
sured in three separate runs (I, II, III.)
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FIG. 3. S vs 1/T for Tl-Se alloys. Compositions are given in
at. % TI. The symbols indicate the compositions measured in
three separate runs (I, II, and IIL.)

tion range have been reported by Petit and Camp (o
only)!’* and by Rasolondramanitra and Cutler (o and
S).!¢ In the latter work, which covered a much larger
composition range (0-55 at. % TI), the results for x <4
were marred by poor reproducibility and irregularity of
the curves for o(T) and S(T). It now seems clear that
this was caused by the presence of significant amounts of
oxygen, which removed some of the Tl in the form of a
relatively insoluble oxide. As a result, the amount of dis-
solved Tl within the electrode region of the cell depended
on the sample and its thermal history. The present re-
sults obtained with Al-purified samples, shown in Figs. 2
and 3, are very reproducible and consistent.

To test the hypothesis about the effect of oxygen, we
have examined isothermal curves for the dependence of o
on x. For this purpose, it is very helpful to know the
functional dependence of o on x, so that a straight line
can be obtained by plotting the appropriate function of o.
We have found empirically that o varies a x2, and there-
fore plotted o!/? versus x. (There is a theoretical ex-
planation for this dependence which is presented below.)
The results are shown in Figs. 4 and 5 for alloys prepared
with Se purified by fractional distillation, and Al-purified
Se, respectively. It is seen in Fig. 4 that the line crosses
the composition axis at 0.1-0.2 at. % T1, which indicates
removal of some of the added Tl by oxygen originally
present to form a poorly soluble oxide. It is believed to
be T1,0;, in which case the original concentration of oxy-
gen was >0.3 at.%. (This corresponds to 600 ppm.)
The amount of Tl removed from the solution is seen to
decrease with T, as one would expect because of an in-
creased solubility of the oxide. For the Al-purified alloy,
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FIG. 4. ¢'/? vs x at two temperatures for Tl-Se alloys in
which the Se was purified by distillation at 180°C. (0O ) indicates
T=833 K, and ( + ) indicates T=769 K.

shown in Fig. 5, the line has a positive intercept, which
corresponds to the electrical conductivity for pure Se.
The study in Ref. 16 showed that the electrical conduc-
tivity at low concentrations of Tl is mainly due to ionic
transport attributed to diatomic TlSe™ ions. The mobili-
ty of these ions is expected to be inversely proportional to
the viscosity of the Se. Since most of the Tl atoms ter-
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FIG. 5. '/ vs x at two temperatures for Al-purified Tl-Se
alloys. (O) indicates T=2833 K and ( + ) indicates T=769 K.
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minate Se chain molecules, and the viscosity of a mixture
of long-chain molecules is proportional to their length,'®
the net result is that the ionic mobility should be propor-
tional to the TI concentration x. The concentration of
the TISe™ ions is also expected to be proportional to x,
thus explaining the observed relationship o « x2. This re-
sult provides further support for the ionic transport
mechanism proposed in Ref. 16.

IV. MEASUREMENTS OF Se-Te ALLOYS

We report here measurements of Se,Te,q_, in the
composition range 50-100 at. % Se. The experimental
procedures have been described in previous publica-
tions.!”!® The measurements were carried out in a series
of “runs.” Each run consisted of a set of measurements
of o(T) and S(T) for a succession of compositions ob-
tained by adding Te or Se to the previous composition.
This resulted in at least four sets of measurements at
compositions at intervals of 10 at. % Se between 50 and
100 at. % Se. In addition, a run was carried out which
included compositions 85, 95, and 97 at. % Se. Represen-
tative curves are shown in Figs. 6 and 7.

As compared to earlier measurements, the results are
much more reproducible at high-Se concentrations. The
main sources of error are uncontrolled impurities (at
x>90), thermocouple errors, and composition errors
caused by distillation of Se. The uncontrolled impurities,
believed to be due to sodium ions, led to a variation in §
of about 200 uV/K in Se, but this dropped to 30 uV/K at
x=90. These impurities may also be responsible for oc-
casional variations in ¢ which could be as large as 30%
in pure Se, but are much smaller in the alloys. Thermo-
couple errors create an uncertainty in S of about 5%.
There is a composition error which is caused by a slow
loss by evaporation of Se from the electrode region of the
measurement cell.!”!® This increases during the course
of a run and showed up mainly in the values of o at the
Te-rich compositions, which were usually the last ones
measured in the course of a run. This led to composition
errors estimated to be as large as 1%. The data in Figs. 6
and 7 were taken from measurements made early in a run
and thus are subject to little error due to distillation.

The present results are similar to those obtained previ-
ously in this and other laboratories, particularly at the
Te-rich end of the composition range.'>!>?° But we note
a qualitative difference in that the previous curves for Ino
and S versus 1/7 at x <70 showed an abrupt change in
slope, whereas the present curves in the same tempera-
ture range have at most a very gradual change in slope
for Ino and no change in slope for S. The change in slope
of S has been interpreted as evidence of transport in an
acceptor band, in addition to the transport which occurs
primarily in the valence band.!” In our analysis of the
transport data in the next section, we find no evidence of
a significant contribution to transport from the acceptor
band in this range of 7 and x. However, as we show in a
related paper,?! analysis of the electronic behavior at
x <50 leads to evidence that the acceptor band merges
with the valence band in that composition range, causing
a distinct effect on the behavior of o. At x >80 the S(T)
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curves tend to level off at low T. This seems to be due to
an increasing contribution to transport from states at en-
ergies above the mobility edge.

V. INTERPRETATION OF Se-Te BEHAVIOR

A. Maxwell-Boltzmann region

The transport parameters o and S are derived from the
o(E), the conductivity of states at energy E using the
phenomenological equations

o= [o(EX~df /dE)E , (1)
S=(k/e) [ 0(E)(E —Ep)/kT)df /dE)E ,  (2)

where f(E) is the Fermi-Dirac (FD) factor {1+exp[(E
—Eg)/kT]}~'. The magnitude and the sign of the ther-
mopower indicates that the distance of the Fermi energy
E; above the energy of the electronically conducting
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states >>kT except for x=50 and 60 at high tempera-
tures. Therefore the Maxwell-Boltzmann (MB) approxi-
mation can be used in the transport equations for o and
S. Assuming that o(E) drops abruptly to zero at
valence-band mobility edge energy E,;, the expressions
for o and S are

o,=0.(1+a,+ay+ - )exp[(Ep—E,)/kT], (3)
S,=(k/e)(Ex—E,)/kT +1+ A,], @)

where 0. =0 (E,;).?2 [A more explicit description of the
model for o(E) is given in Sec. VC.] We have intro-
duced the subscript v to distinguish these results from
other transport mechanisms to be considered later. The
parameters @, =(kT)"(d"Ino /dE") and

Ac=(01+202+3a3+ cee )/(1+al+a2+03+ <)
(5)

are correction terms evaluated at E =E,;. They correct
for change in o(E) from o(E,,) in a range of energies
~kT below E,;. In this section, we shall use the zeroth-
order approximation in which a, and A, are zero. Later,
we shall include the first-order correction a,.

At a given value of x and T, experimental values of o
and S can be used to calculate o, and Ep—E,;. Solving
Eqgs. (3) and (4) gives

o o=0exp[(Se/k)—1], (6)
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FIG. 7. S vs 1/T for Te-Se alloys. Compositions of the alloys
are given in at. % Se. To avoid confusion, results for Se-rich
compositions are in the form of smoothed curves.
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where the subscript O indicates that the correction pa-
rameters a, are taken to be zero. In Fig. 8 we show the
dependence of o, on T for various compositions in a typ-
ical run. It is seen that o, for a given composition is
nearly independent of T except at high T for values of x
approaching 50, and at low T for large values of x. The
values of o, in different runs varied by as much as a fac-
tor 2 because of the great sensitivity of Eq. (6) to the er-
rors in S.

The large changes in o, with T at small x are due to
failure of the MB approximation, and a more appropriate
analysis of the behavior in this region in terms of Fermi-
Dirac (FD) integrals is presented in Sec. V B. The large
changes with T at large x are attributed to additional
transport by states at energies above the mobility edge,
which is discussed in Sec. V D. For the data not affected
by these two phenomena, o, is in the range 10-50
Q ~'cm~!. In Fig. 9 we show plots of Er —E,, obtained
from the thermopower with Eq. (4) (with a,=0) in re-
gions of x and T where the simple MB expression is valid.
For x > 70, where the thermopower curves are affected by
the additional transport, Exr —E,, is calculated from the
o data in a manner which is explained in Sec. V D.

B. The Fermi-Dirac region

When Ep—E,, is comparable to kT or negative, it is
necessary to take into account the detailed curve o(E)
when integrating Egs. (1) and (2). o(E) can often be de-
scribed by a power law, and the effect of the mobility
edge is to cause o to drop to zero abruptly over a range
of E small compared to k7. Thus we describe o(E) by
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FIG. 8. Plots of g,y vs T ' for various compositions ob-
tained from Eq. (6).
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the model
o(E)=C(E,—E) ifE<E,,,
=0 if E>E, , (7)

where C and s are parameters to be determined empirical-
ly, and E,, represents the edge of the valence band in-
cluding the localized states. Substituting Eq. (7) into Egs.
(1) and (2) leads to expressions involving definite integrals
which we refer to as extended FD integrals:

_~__x"exp(x —a)

G,,(a,xc)_ch [1+exp(x —a)]? - ®
where a=(E,—Eg)/kT and
The ordinary FD integral
G, 1(a,0)/(n +1).%

For the case where there is no mobility edge, i.e.,
EUO—EUI<<kT’

x,=(E,,—E,)/kT.
F,(a) is equal to

o=sC(kT* " 'F,_,(a) )
and
S=(k/e)[—a+(s +1)F (a)/sF;_(a)] . (10)

The value of s is determined by comparing an experimen-
tal plot of log (o T ~*) versus S with the theoretical curve
calculated by setting a in Egs. (9) and (10) to various
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FIG. 9. Plots of Ex—E,, vs temperature at different compo-
sitions x. Data for x >80 were calculated from Eq. (3) with the
preexponential factor equal to 11 Q@ 'cm~'. Data for x <70
marked MB were calculated from Eq. (4) with a, =0, and those
marked FD were calculated from Eq. (10).
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transport curves for x=>50 and 60. The theoretical curves were
obtained from Egs. (9) and (10) with s=2 and values of C given
in Table L.

values. The theoretical curve should overlap the experi-
mental curve when it is shifted vertically by an amount
corresponding to the value for sCk*~'. For the two com-
positions x=50 and 60 which are in the FD range, a
good match was found with s=2, as is shown in Fig. 10.
This value for s is in agreement with the value found for
the more metallic compositions x =30 and 40, and corre-
sponds to a density of states N (E) which is linear in E.?!
The values of C obtained in this procedure are listed in
Table I.

A small deviation between the theoretical and experi-
mental curve for x=60 can be seen in Fig. 10. This is
due to a finite mobility edge, i.e., E,c—E,; >kT. A pro-
cedure for determining E, ,— E,; which alters Eqgs. (9) and
(10), so as to incorporate extended FD integrals with
x, >0, is insensitive because the effect of the mobility
edge is small. This can be seen from the small shift of the
dashed curve in Fig. 10, which was calculated for x,=2.
A much better procedure for determining E,,—E,, is to
evaluate Ep—E,, as a function of T from experimental
data for S, using Eq. (10), and compare this curve with
E;—E,, obtained from Eq. (4) in the MB range. In Fig.
9 we show that the two curves overlap very well for

TABLE I. Mobility-edge data of Se, Te g -

x 50 60 70 80 90
o, (@ 'em™) 10 5

o0 (7 'cm™) 45 35 13 11 11
C(Q 'ecm~'eV-?) 449 259

E, (eV) 0.14 0.14

a, (T=770 K) 0.835 0.961

R(a,) 2.90 3.20

0.0/0, 4.5 7.0
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x=50 and 60, both cases
E,,—E, =0.14¢eV.

This value of E, ,—E,;, together with the values C list-
ed in Table I yield values o, =C(E,,—E,;)? of 10 and 5
Q~'cm™!, respectively, for x=50 and 60. These are
considerably smaller than the corresponding values 45
and 35 Q 'cm~! for o, obtained from Eq. (6), using
data for which the MB approximation is valid. This
discrepancy can be resolved by including the first-order

correction a;. Then Egs. (3)-(5) yield a correction factor

assuming in that

R(a|)=0,/0.=(1+a;lexpla,/(14+a,)] . (11)

This correction can be applied only approximately be-
cause T, and hence a,, varies by a factor =1.5 over the
experimental range. This correction is applied for x=50
and 60 in Table I, where do /dE in a, is calculated from
2CE,,, as inferred from the expression for o(E). The
rough agreement between R(a,) and o,/0, seems
reasonable in view of the wide scatter in experimental
values of oo between runs.

We also list in Table I the values of o, obtained for
x >70. They can also be expected to be larger than the
true o,. But we have no reliable basis for making a
correction, since there is no assurance that the value of
a, remains the same when the composition is changed.

C. Temperature dependence of E; and E,;

The general behavior of o and S in Figs. 6 and 7 indi-
cates that Ep approaches the valence-band edge as T or
Te concentration is increased, and this process is de-
scribed quantitatively in Fig. 9. The question arises why
it does so. In early work on Se-Te alloys'>2%2* it was be-
lieved that the position of E is determined by the excita-
tion of electron-hole pairs across the band gap, and the
decrease in Ex —E,, reflects a decrease in the size of the
band gap. In order to explain the absence of an ambipo-
lar effect on S due to the electrons, it was necessary to as-
sume that the electrons are much less mobile. It is now
generally believed, however, that the value of E is deter-
mined by charge balance between ionic-bond defects: 1F
negative D~ and 3F positive D * ions.?>?® In the case of
a solid, the Fermi energy is pinned between the donor
and acceptor bands whose empty states correspond to the
D+ and D~ ions, respectively. In the case of a liquid,
the equilibrium situation is described somewhat
differently, because the filled states of the two bands
which correspond to neutral paramagnetic 1F D* and 3F
DP centers, respectively, change their concentrations
with T or x independently of the D* and D~ centers.
The appropriate equations have been derived in a bond
equilibrium theory (BET), which takes into account the
statistical effects due to the presence of the bond-defect
atoms in the chainlike molecular structure.?”?® The con-
centrations d; of these defects D; are given by the equa-
tions

d*=p,exp(—g*/kT) , (12)
d°=piexp(—g°/kT) , (13)
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d~=pexp[—(g " —ep)/kT], (14) foo-gaoo] o L L. L L L s
(eV) e °
d*=piexp[ — (gt +ep)/kT], (15) -003 —
where g; (=e; —Ts;) is the free energy of formation of a ‘ faa s e w80
D, center from the normally bonded atom,” and & is the B T
distance of E from a reference energy E;. The concen- .
trations are normalized to the concentration of atoms N, -007- o w L, s 70
(=2.7x102 cm™?). p, is the “polymer factor” associat- f
ed with the effect of the formation of an n-fold bond- -, .
defect atom on the molecular-chain statistics. fee o, . 6o
The value of E is obtained by equatingd ~ and d *: o1k Y
EF=ER+(g7—g+)/2+%len(p3/p1) . (16) o
— L] [ ) ° __{
The reference energy Ey is the energy of the state in the e ., 50
electron band structure from which an electron is re- 0I5 N | . ( . ¢
moved in forming a D~ ion, or to which an electron is - 700 T 800 900
K)

added when a D ion is formed. The values of g+ and
g~ depend implicitly on the value of Ez. This point is
important because if one chooses Eg to have an arbitrary
convenient value (say E, ), the values of g * and g~ will
be coupled to the changes in E,; with x and 7. It will be
convenient in our discussions to think of E as the center
of the valence band in pure Se, and we shall consider
changes in E,; with respect to this reference energy due
to changes in x and T.

A method for separating the effects of 7 and x on the
two parameters in the experimentally determined
Er—E,, is provided by the use of Eq. (16) in conjunction
with experimental data for the spin density d, derived
from magnetic susceptibility measurements.’® There is
reason to believe that d* >>d® over the range of those
measurements,’! so that d, is equal to d* in Eq. (12). The
experimental data show an activation energy for x> 50
which is nearly independent of x. Therefore, the shifts in
the curves with x reflect changes in the value of p,. The
values of p; and p; depend on the branch ratio R,, the
average number of chain branches per molecule, which is
determined by the relative concentrations of 3F and 1F
bond defects. In this experimental range, R, >> 1, so that
py«<R, and p;«<R, '.?" Using this information, we
derive from Egs. (12) and (16)

Ep(x)—Eg =const—kT Ind *(x) . (17)

This equation, together with experimental data for the
isothermal dependence of d * on composition allows us to
determine the changes in E; with x and T independently
of the changes in E,;.%?

In Fig. 11, we show curves for Eg(x)— E(100) versus
T, calculated from Eq. (17) with data in Ref. 30. Using
this information together with the data in Fig. 9, we
derive curves for E,(x)—E,;(100) versus T which are
shown in Fig. 12. Two things are to be noted. The
changes with temperature in Figs. 11 and 12 are small
compared with Fig. 9. That means that the temperature
coefficients are nearly the same as for x=100. The tem-
perature coefficient of E(100) can be estimated from Eq.
(16) and data in Ref. 30, and the result is
dE((100)/dT = —1.9x 10~* eV/K. That, together with
the temperature coefficient of Ep—E,, gives

FIG. 11. Plots of Er(x)—Eg(100) vs T for various composi-
tions x.

dE,;(100)/dT =4.1x10~* eV/K. Thus we see that the
major part of the decrease of Ep —E,; with T is due to an
increase in E,;, and this is nearly independent of x. The
second thing to notice is the dependence of the magni-
tudes of Er and E,; on composition. The increase in Ep
from x=>50 to x=100 is about 0.13 eV, whereas E,, de-
creases about 0.4 eV in the same composition range. So
our results are consistent with the concept that the Fermi
energy is nearly pinned by the ionic-bond defects. Thus
we arrive at the interesting conclusion that the large
changes in o and S in the direction of metallic behavior
as x is decreased and T is largely due to an upward
motion of the mobility edge of the valence band, rather
than a downward shift of Eg.
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FIG. 12. Plots of E,(x)—E, (100) vs T for various composi-
tions x.
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D. Transport in states above E,,

At x >80, the thermopower curves in Fig. 7 show an
increasing tendency to level off and decrease with de-
creasing 7. This indicates that states at energies above
E,, are contributing to the transport at low T in addition
to the transport at the mobility edge. At the same time,
there is no abrupt decrease in slope of logo versus 7! at
low T in Fig.6, as would be expected if there is a substan-
tial shift of transport to the states at E > E,;. Therefore
these contributions represent a small fraction of o.

The most obvious possible contributors to this trans-
port are (1) localized states in the tail of the valence band
above the mobility edge, (2) acceptor-band states, (3)
donor-band states, and (4) conduction-band states (local-
ized and extended). For convenience, we shall refer to
these four groups of states as “bands.” To consider these
possibilities, Egs. (1) and (2) are rewritten in the form

o=0,+30; (18)
and

US =UUSD+ EO'I-S,- ) (19)
i

where i can take the values L, 4, D, or C for the four
cases described above. S; can be related to the energy E;
of the conducting states by

S, =(Ep—E;)/eT . (20)

E, is an average band energy defined by
E;= [E;l0(E;)/0;)(—df /dE,)dE, 1)

where E; is restricted to the states in band i and o; is ob-
tained from Eq. (1) with the integration likewise limited
to the band i.

It will be useful to derive equations which are ex-
pressed in terms of the fractions F;=0; /0 of the trans-
port contributed by these four different bands, since the
absence of a large change in slope in the Ino curves indi-
cates that the fraction of transport at the mobility edge
F,=0,/0 does not become small compared to one.
From Eq. (6) we get

S,=8,—(k/e)lnF, , (22)
where
S,o=(k/E)[In(o4/0)+1] . (23)

Starting with an assumed value for o, one can calculate
S,o from experimental data for o. If 3,F; << 1, then
S,0=S,, and one can make a good estimate for Ep —E,,
by using Eq. (3) (with @, =0). That is the way the curves
in Fig. 9 were calculated for x > 80, where the ambipolar
contributions cause S to deviate strongly from S,.

Using Eqgs. (18)-(23), one can derive the following use-
ful equation:

SUO—S=2Fi(E,"—EU1)e/T+L(FU) . (24)

L (F,) is a correction term which is relatively small un-
less F, << 1:
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L(F,)=(k/e)InF,+1—F,) . (25)

For instance, —L(F,) <17 uV/K if F, > 0.5.

We show in Fig. 13 plots of S,o—S versus 1/T for com-
positions x >80. For x <90, the values for o, were
chosen to fit the data in the high-T regions, where the
constant positive slope indicates that F,=1. In each
case, a good fit was obtained with o, ,=11 Q@ 'cm~".
For x> 90, where the thermopower curves in Fig. 7 do
not have a distinctly linear segment at high T, we some-
what arbitrarily chose the same value for o, The error
in the choice of o is expected to have the largest
influence at high T, where S,;,—.S is smallest.

There is not enough information to distinctly separate
the contributions of F; and E;—E,, in Eq. (24), but in-
teresting limiting relations can be obtained. The fact that
F; <1 allows us to use the data in Fig. 13 to set lower lim-
its on the values of E;—E,,. Using the points at the
lowest T, which correspond to the largest values of
E;—E,,, we arrive at values, listed in Table II as E_,,,
which range from 0.076 eV for x=80, to 0.79 eV for
x=100. Since the localized band-tail states are expected
to lie within =~0.2 eV of the mobility edge, they cannot
account for the added transport for the larger values of x.
Although some contributions to o from o; cannot be
ruled out, we shall continue the discussion in terms of the
possible dominant contribution from a single band, which
may be the acceptor, donor, or conduction band.

Assuming that one band dominates the sum in Eq. (24),
and ignoring the relatively small term L (F,), we multiply
the equation by oeT and rearrange it to get

0, =0(S,o—S)eT /(E,—E,,) . (26)
T T T T
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FIG. 13. Plots of S,,—S vs 1/T for compositions x > 80.
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TABLE II. Energy of ambipolar transport in Se, Te o_,.

Ea E(a)) E(o,) Eso Exo—E(a,)—E(a,)
x (eV) (eV) (eV) (eV) (eV)

80 0.076 0.246 0.928 1.97 0.80

85 0.132 0.400 0.946

90 0.271 0.505 1.051 2.02 0.45

95 0.502 0.689 1.143 2.16 0.33

97 0.500 0.546 1.161
100 0.786 0.554 1.234 2.20 0.41

The value of E; —E,, is not known, but we know that it
depends weakly on T and is smaller than the mobility gap
energy, which is estimated to be ~2.0 eV.>* To get a
good approximation to the temperature dependence of o,
and the rough magnitude, we have calculated approxi-
mate values, called o, by assuming that E;,—E, ;=1 eV.
After removing some erratic points at the highest T
where S,,—S is relatively small, these are plotted in Fig.
14. Except for x=80, these curves have well-defined ac-
tivation energies, listed in Table II, which are less than
0.7 eV. These values are apparently too small to be con-
sistent with acceptor, donor-, or conduction-band trans-
port. The reasons for this conclusion are presented in the
remainder of this section.
O ¢ is given by an expression like Eq. (3):

oc=0.exp[—(E,,—Ep)/kT] , (27)

so that the sum of the activation energies for o and o,
should be equal to the mobility gap E.,—E,; at T=0.
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FIG. 14. Approximate behavior of the ambipolar contribu-
tion to o are shown in plots of Ino, vs 1/T for x > 80. The cal-
culated activation energies E (o) are given in Table II.

The latter can be obtained from optical data by Perron®?

for Eg, the optical-band gap at T=0, which are listed in
Table II. We also list the activation energies for o, which
is essentially the same as o,. It is seen that
E{o|)+E (o) falls short of the optical-band gap by at
least 0.3 eV.

The conductivities of the acceptor and donor bands are
closely related. Assuming that the states are localized, an
expression for the acceptor band can be written

o 4=(e*L*h /3kT)[N,d ~d*/(d~+d*)], (28)

where 4 is a hopping frequency and L is the distance be-
tween acceptor sites:

L =[6/7N,(d~ +d*)]'"*. (29)

An expression for o, is obtained by replacing d ~ by d *
and d* by d°. The hopping frequency contains a factor
exp( —2aL), where a is the attenuation factor for a wave
function at an acceptor site. If d ™ >>d*, these equations
imply that the activation energy of o 4 is

E(o  )=e*+()aL —1)e,—(kT) , (30)

where e* is the energy of formation of a D* center and
e;=(e " +e™)/2 is the energy of formation of a single
ion. If d ™ <<d*, e*, and e¢; are interchanged in Eq. (30).
Magnetic susceptibility data show that e*=0.68 eV,
and there is information from optical measurements
which indicates that e; ~0.6 eV in liquid Se.** Therefore,
if E(o 4) is to be consistent with E (o) it is necessary
that aL =~1. However this is precluded by the magnitude
of o, which is so small as to require that al >>1.
Therefore, o, cannot be identified with o ,.*

Similar arguments eliminate donor-band transport as a
possibility. Since d ~=d T, they have the same activation
energy e;. The activation energy e® of D° centers is not
known. It can be estimated from the observation that
d®<d* in Se at T>800 K.3*3' Therefore e is not
greater than e*. But e cannot be too much smaller than
e*, otherwise d° would exceed d* in spite of the smaller
prefactor (p; <<p,) in Eqgs. (12) and (13). Estimates of p,
and p, (Ref. 31) suggest that e* —e®<0.3 eV. This leads
to the same conclusion as for the acceptor-band mecha-
nism: The activation energy of o, requires that aL =1
but the magnitude requires that al >> 1.

We have presented arguments that no one of the four
proposed mechanisms can account for extra transport
above the valence-band mobility edge. Can it be ex-
plained by a combination of more than one of these
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mechanisms? It seems not, since they all require a larger
activation energy than what is observed in 0|, and a com-
bination of these mechanisms would likewise have an ac-
tivation energy which is too large.

VI. SUMMARY AND DISCUSSION

In summary, the Al-purification method had made pos-
sible much more reproducible thermoelectric measure-
ments of Se-rich alloys. A brief study of T1,Se,_, alloys
has been presented which provides indirect quantitative
evidence of removal of oxygen from Se and has yielded
more precise information about transport in the composi-
tion range x <0.04. A quadratic dependence of o on x
has been found which provides additional support for a
previously advanced model of transport by (T1Se) ™ ions.

The main experimental study yields much-improved
data for S and o in Se, Te ,_, in the range x > 50, which
provides quantitative information about the valence-band
mobility edge and the position of the Fermi energy. Over
a broad range of T and x, the Maxwell-Boltzman approx-
imation to the transport equations yields directly numeri-
cal values for o0, and Ep—E,;. In the near-metallic re-
gion, analysis with the help of Fermi-Dirac integrals has
yielded quantitative information about o(E), including
an estimate of the energy at which the mobility edge
occurs. In the Se-rich alloys, a downward curvature of
the thermopower curves has been analyzed in terms of
transport contributions from states above E,;. The
analysis shows difficulties in attributing this transport to
any of the four most likely mechanisms: localized band-
tail states above E,;, acceptor band, donor band, or con-
duction band. Finally, with the help of equations of
bond-equilibrium theory, it has been possible to separate
the contributions of Erp and E,; to the changes of
E.—E,, with x and T. We find that E stays relatively
constant, while E, increases strongly with 7 and x.

The small deviation of the points at large S from the
theoretical curve in Fig. 10 seems to be the most direct
evidence yet found for the existence of a mobility edge in
a liquid semiconductor. The values of o, of =10
QO 'cm~! are rather small, and Mott’s formula’®?’
0c=0.0327e?/hL; implies an inelastic scattering length
L;=~60 A. This seems rather large for a liquid. It may be
that the model used for o(E) in Eq. (7) is too simplified to
give reliable information on this point. Aside from the
corrections a, which have been taken into account in
part, the overall treatment of transport, starting with
Egs. (1) and (2), may be over idealized in that it neglects
contributions of inelastic-scattering processes.*®

The mechanism for the additional transport described
by the curves in Fig. 14 remains a puzzle. The well-
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defined activation energies for the curves for x > 80 sug-
gests strongly that the mechanism involves charge
centers with a well-defined energy. One possibility seems
to be a donor or acceptor band based on dipole pairs (Dp
centers), i.e., D and D ~ ions which are directly bonded
to each other. The estimated value of the energy e, to
form an ion is smaller than the Coulomb energy of a D *-
D ~ ion pair at the distance of closest approach. Conse-
quently these Dp centers may have higher densities than
the simple D or D~ ions. Of course, the failure to find
an acceptable model for the additional transport may also
result from a more fundamental inadequacy of the
theory. It may be that the transport reflects a more com-
plicated phenomenon which is not adequately described
by Egs. (1) and (2). One thing which makes us suspect
that this may be the case is that the downward curvature
in the thermopower curves (Fig. 7) is not accompanied by
any detectable upward curvature in the curves for logo
(Fig. 6). This is hard to explain in the framework of Egs.
(1) and (2).

Finally, we would like to discuss what seems to be the
most interesting result of this work, the fact that the
large changes in S and o with x and T are mainly due to
shifts of the valence-band mobility edge E,, with respect
to an invariant reference energy E, which we take to be
the center of the valence band in Se. This explanation for
the change in the transport behavior seems roughly simi-
lar to the earliest interpretation of the transport changes
in terms of a smearing out of the pseudogap with decreas-
ing x and increasing T. But now we are led to considera-
tion of much more specific mechanisms. The curves in
Fig. 12 indicate that E,, increases about 0.4 eV between
x=100 and x=50. The valence band is derived from the
outermost p orbitals of the chalcogen atoms and is the re-
sult of broadening of the band due to mutual interaction
of the lone-pair electrons which are not used in making
bonds. Atomic calculations show that the (5p)* state of
the Te atom is 0.934 eV higher than the (4p)* state of the
Se atom.*® We know of no theoretical calculations of the
effect of alloying on the width of the lone pair band in
Se-Te alloys. But it seems reasonable to suppose that a
50% mixture of Te atoms would cause the upper edge of
the Se band to increase by half of this amount, which
agrees roughly with the rise in E,;.*! The large value of
dE,,/dT presumably is caused by thermal broadening of
the valence band, for which, again, there does not yet
seem to be any available theory.
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