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The Urbach slopes o of optical absorption edges and the glass transition temperatures T, in pseu-
dobinary chalcogenide alloy glasses with 0 <x <0.6 containing predominantly tetrahedral building
blocks have been studied as the resistance to shear of the building blocks is varied through the criti-
cal composition x =0.4. The composition dependences of o and T, are nearly parallel, with soften-
ing occurring above x =0.4, in agreement with theoretical expectations. Chemical trends in Urbach
slopes of other chalcogenide alloy glasses and liquids are discussed within the framework of con-

straint theory and a simple statistical model.

I. INTRODUCTION

Optical absorption tails in crystalline semiconductors
and insulators at high temperatures 7T exhibit the ex-
ponential functional form

a=qqpexp[(hv—Ey) /o], (1)

where a is the absorption coefficient, E, is the optical
edge energy, and o describes the logarithmic slope of the
absorption tail. The form (1) was discovered phenomeno-
logically by Urbach,! and it appears to hold whenever
0> k®p, where Onp is the Debye temperature.

Because (1) is observed so widely, it would seem that a
simple explanation of this behavior should exist. Indeed
there have been many theoretical discussions of (1) and at-
tempts have been made to describe disorder-induced band
tails using statistical methods.>® Thermal disorder is in-
troduced by techniques used to treat electrical noise in
metals, including a Gaussian (random) distribution of dis-
order. Such approaches are unsatisfactory for two
reasons: they do not generally produce the exponential
functional form of (1), and they do not generally account
quantitatively for observed trends in o.

Gaussian disorder does not produce the exponential tail
(1) exactly. For hv <<E| it produces (1) with | Av—Ej |
replaced by |hv—Ey|% with 8=2—d/2. Thus for
dimensionality d =3 one obtains §= 7, in contrast to the
experimental value 1. In a transition region several o
below E; a roughly exponential behavior is obtained? over
about one decade in a. However, in favorable cases (alkali
halides) exponential behavior has been observed! over
nearly four decades in a. Many experiments, however,
measure a over only one or two decades and cannot test
severely the validity of the fundamental form (1).

A remarkable feature of (1) is that the observed values
of o=kT* are such that at high T, T* may be close to T.
This result is not easily explained in the white-noise model
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without making special assumptions concerning the
valence- and conduction-band-edge electronic deformation
potentials, which would seem to be more difficult to justi-
fy than (1) itself. In the context of alkali halide Urbach
tails Toyozawa and co-workers® have attempted to derive
the near equality of T* and T in the context of a self-
trapped exciton model. While this model is appropriate to
alkali and noble-metal halides, it is less appropriate to
semiconductors, where exciton radii are larger and
exciton-phonon interactions are weaker.

For semiconductors the near equality of T* and T has
also been derived* assuming that valence- and
conduction-band tails are described by acceptor and donor
concentrations described by Boltzmann factors. In such
derivations it is necessary to assume that the donor and
acceptor thermal formation energies are the same as the
one-electron energies which determine the optical excita-
tion energy. In general these are not the same, because
one should include in the thermal formation energy elec-
tronic and structural deformation energies which are dif-
ferent for donor and acceptor states. This problem is par-
ticularly serious for amorphous semiconductors where the
donor and acceptor states are probably generated by quali-
tatively different bonding defects in the amorphous net-
work.

From an experimental point of view it is possible to test
(1) by comparing T*(x) with T,(x) in glassy alloys of
varying composition x. Here Tg(x) is the composition-
dependent glass transition temperature of the alloy. In
such experiments it is not necessary to test the functional
form of (1). Instead the configurational disorder frozen in
a T=T, is expected to determine T*. One can then
study both T* and T, as a function of x to see whether
their near equality is accidental or systematic, and one can
attempt to identify the factors responsible for 7*(x).

An illuminating discussion of T*(x,T) in chalcogenide
alloy crystalline and noncrystalline semiconductors has
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been given by Ihm.> He points out the close relation be-

tween T*(x,T) and the underlying molecular structure
even in amorphous or glassy semiconductors such as
g-As,Se;_, and g-Ge,Se,_, alloys. He notes that the
general relationship between T and T, is complex in
these alloys, although most of the qualitative features are
explained by assuming that the layered-compound crystal
structure persists locally in the alloys near the crystalline
compositions (As,Se; and GeSe,).

Experimental data®’ for T*(x,293 K)/ Ty(x) for these
binary alloys are summarized in Fig. 1. Note the nearly
equal minima in T*/T, at the crystalline compositions
where T*/T,=1.22+0.05. The origin of these minima
may be chemical ordering of the A,B;_, alloy to form
branched rings A4,B,. Another possible explanation is
that two kinds of building blocks must exist in these al-
loys at compositions other than the crystalline composi-
tion. In As,Se;_, alloys there could be Se, chains or
As(Se, ,); pyramids, while in Ge,Se;_, alloys one could
have Se, chains or Ge(Se, /,), tetrahedra.

Thm has suggested® that it would be interesting to study
T*(x)/Ty(x) in a system where T,(x) varies but the frac-
tions of building blocks stay fixed, rather than vary, as in
As,Se,_, (all chains at x =0, all pyramids at x =0.4) or
Ge,Se;_,. The fractions of building blocks can be kept
fixed in a pseudobinary alloy such as Sn,Ge;_,Se; s
which we study here. In this way we expect to obtain
more information on the structural origin of the defects
responsible for the Urbach tails. Note that in these alloys
it has been shown®® that for 0 <x <0.6 water quenching
produces samples with both Sn and Ge at tetrahedral
sites. Also note that the composition of these alloys is
slightly Se rich (relative to GeSe,) in order to avoid
crystallization of any significant fraction of the sample,
which might lead to phase separation and an unknown
composition of the glassy residue.

II. EXPERIMENTAL PROCEDURES
A. Sample preparation

Appropriate amounts of high-purity Ge, Sn, and Se
(99.999% purity) were combined to yield a total sample

23 123
20 420
o
<
15 s
b==0 Asy Se,_,
O0—0 Gey Sey_,
10+ 110
L n '

00 01 02 03 04

FIG. 1. Chemical trends in 0/kTy=T* /T, in binary chal-
cogenide alloys; data from Refs. 6 and 7. The stoichiometric al-
loy compositions are indicated by solid symbols.

weighing 0.50 g. The selenium was first vacuum melted
to remove possible volatile contaminants. The weighed
material was carefully transferred into a rectangular fused
silica tube with a 4 X2 mm? inner cross section which was
then sealed off to a length of 4 cm under vacuum. The
samples were heated from room temperature to 900°C and
held there for about 24 h during which time the ampoules
were occasionally shaken and inverted to homogenize.
This treatment was followed by a room-temperature water
quench. The resulting rectangular pieces of glass were
convenient to cut and polish.

For optical measurements one half of each sample was
ground and polished on both sides so that the final thick-
ness was 0.2—0.4 mm. The grinding was performed on
the glass plate using 600-grit boron carbide powder. The
polishing was done using first 1-um and then 0.05-um
alumina powder on rotating Politex pads. Typically a
30-um layer was removed by polishing with 1-um powder
and 10 um by polishing with 0.05-um powder.

To make sure that the polishing procedure does not af-
fect the optical properties of our samples measurements
were made on two parts of the same sample: one “as-
grown”—a plane splinter of glass approximately 0.7 mm
thick, and another part that was polished. The two yield-
ed spectra identical within experimental error.

B. Wavelength-modulated absorption

The wavelength-modulation technique!® has previously
been used’ to study Urbach tails in Ge,Se;_, glasses in
transmission. Here we use the technique to measure the
absorption coefficient a. From (1) we have (E =hv)

da/dE =a/o (2)
and we can show that
da/dE =AY (d InI/d\)so—(d InIy/dN)g] /het , (3)

where Iy is the intensity of light of wavelength A
transmitted by the sample of thickness ¢, and the mea-
surements are made with the single-beam method”!° with
the sample out of (SO) or in (SI) the beam. The quantity
o is determined from the slope of a logarithmic plot of
da/dE against E, because this slope is the same as that of
a.

For each sample studied optically, differential thermal
analysis (DTA) was performed using a duPont 990
analyzer; representative curves are shown in Fig. 2. The
samples analyzed weighed about 40 mg and were con-
tained in a fused-silica cup under an argon atmosphere.
The glass transitions (7,) are apparent at about 275°C
with the crystallization exotherm (T, ) appearing at about
450°C and 400°C. The weak endotherm of the x =0.3
curve at 520°C probably results from the melting of some
minor constituent of the multiphase crystalline material
formed upon the crystallization of the homogeneous glass.

In Fig. 3 we plot da/dE as a function of photon energy
E for the g-Sn,Ge;_,Se, 5 samples that we studied. In
each case «a is linear on a semilogarithmic scale over at
least a decade in «a, as expected for an Urbach tail. Over
this region a least-squares fit to a linear relationship has
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FIG. 2. Differential thermal analysis traces for

Sn, Ge; _,Se;, 5 glasses, for x =0.3 and x =0.5. Initial, central,
and final glass transition temperatures were estimated from
these traces graphically by constructing tangents to the rising
and falling slopes of the broad glass transition peak. For
x =0.5 the initial (final) temperatures correspond to the breaks
in slope near 255 °C and 290 °C, respectively.

been made. The obtained values of o(x) are compared
with those of T,(x) in Fig. 4. Also shown in Fig. 4 is
T*(x)/T,(x), where the midpoints of the transition are
used to define 7.

We note that in Fig. 3 the relative positions of the edges
are not a monotonic function of composition. This may
seem surprising, but similar oscillations are observed in
relative strengths of Raman bands and Mossbauer site
populations.? These oscillations have been explained in
terms of site distributions of Sn atoms compared to Ge
atoms. Similar mechanisms may explain the oscillations
in relative edge positions in Fig. 3.

II1. DISCUSSION

Over the composition range x studied both 7* and T, 2
decrease with increasing x, with T* decreasing by about
15% while T, (measured in K) decreases by about 5%.
Thus the behavior is qualitatively similar in both cases, in
contradistinction to As,Se;_, alloys,® where T* decreases
and T, increases with x increasing in the interval
0<x <0.4. The qualitative similarity probably is due to a
constant fraction of tetrahedral building blocks, as sug-
gested by Thm.’

Returning to Fig. 1, we note that both stoichiometric
binary glasses exhibit values of T* /T, close to the value
of 1.3 recently calculated in the context of a quantum well
model.!! In g-Se, on the other hand, T*/T is approxi-
mately equal to 2.1. This high ratio is found in liquid Se
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FIG. 3. Experimental results for Urbach slopes in

Sn, Ge; _,Se; s glasses.

over a wide temperature range (500<7 <900 K) as
well.2

In view of the structural correlations for layered
stoichiometric glasses discussed by Ihm> as well as those
found here, we suggest a structural model for g-Se. The
defects responsible for the Urbach tail cannot be only bro-
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FIG. 4. Summary of chemical trends in o, T}, and T*/ T, as
a function of x in Sn,Ge,_,Se, 5 glasses.
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ken bonds, because studies of the Urbach edge in liquid S
and Se have shown!? that isolated broken bonds occur
only at very high temperatures ( >700 K). We suppose,
as others have done!? that g-Se consists of a mixture of
chains and rings. The chains may form cylindrical bun-
dles and the rings may be stacked as in the various crys-
talline forms of Se. Both groups or clusters are “floppy”
(only two constraints per atom) so far as nearest- and
next-nearest-neighbor (bond stretching and bending)
forces are concerned.!®!3 Within either kind of cluster we
assume that structural defects (concentration Ny) (such as
chain kinks) occur which produce valence- or
conduction-band-edge “defect” states. However, because
of the floppy or underconstrained nature of the chains,
most of these kinks form pairs on adjacent chains. The
electronic states associated with paired defects are as-
sumed to lie too close to the band edge to contribute signi-
ficantly to the optical tail. The latter is determined by the
residual unpaired defect states, whose population is
supposed to be proportional to NJ/%.  With Ny
xexp[(hv—Eq)/nkTg] this gives Ni?<exp[(hv—Ey)/
2nkT,]. Thus, when the system is sufficiently undercon-
strained, T'=2nTg, whereas at the stoichiometric com-
positions T*=nT,, with the ideality factor n =1.3 ac-
cording to the quantum-well model.!! The value
T*/T,=2.1 in glassy and liquid Se is not quite 2n, indi-
cating that the fluctuations are nearly (but not perfectly)
free or random.

The increase in the ideality factor n from 1.2 in
g-As,Se; and g-GeSe, to n =2.1 in glassy and liquid S
and Se is primarily a kinetic effect associated with defect
pairing in our model. This kinetic effect can be interpret-
ed also as an effective reduction (due to pairing) in the en-
ergy AE =hv—E available to determine the active-defect
concentration. The most striking aspect of this kinetic ef-
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fect is the wide temperature range it spans. For liquid Se
an activated increase in o is observed!? above 700 K, cor-
responding to further increases in n. These may occur be-
cause of further isolated defect formation due to defect-
pair unpinning, possibly by bond breaking.!?

The ratio of T*/T, is nearly constant for
Sn, Ge;_,Se, 5 alloys in the range 0 <x <0.4. In this re-
gion the network is dominated by rigid or overconstrained
clusters.>1%13 For x > 0.4, T*(x) decreases more rapidly
than T,(x). This more rapid decrease may reflect an in-
creasing ability of the glass to relax and optimize bent
Se—Se—Se bonds because the large chemically ordered
clusters (such as layerlike crystalline fragments) have be-
come “floppy.”!® (Note here that the actual relative error
bars in Fig. 4 are much smaller than the error bars for any
single measurement.)

In conclusion, considerable information is contained in
chemical trends in Urbach slopes in binary and pseudo-
binary chalcogenide alloy glasses. These trends indicate
the extent to which local bond reconstruction depends on
overall network rigidity!®!3 as well as the structure of the
local molecular units themselves.> Our discussion of
chemical trends in the kinetic ideality factor n =T*/T
explains the experimental range in glasses and liquids
from n=1.2 in g-As,Se; and g-GeSe, to n=2.1 in
glassy and liquid S and Se. This large change is probably
the result of topologically distinct defects in the elemental
and compound composition glasses. The elemental defect
is an isolated chain kink,'> while the defect in
stoichiometric glasses is a homopolar (broken chemical
order) bond.> We believe that the present kinetic and to-
pological treatment is both more conclusive and more il-
luminating than previous theoretical discussions based on
white noise.>>
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