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Far-infrared vibrational modes in vitreous As2Se3 and T12Se.As2 Tee have been ob-
served above the glass transition temperatures (T~) and are an indication of the preser-
vation of local order in the liquid phase. In As2Se3 these modes exist above the melting

point of the crystalline material. At a well-defined temperature T,=480 K (& T~) the
vibrational modes disappear in T12Se As& Tee. Similar behavior is predicted for all layer-
type semiconducting glasses, and 1', is proposed as a characteristic temperature for an

abrupt change of local order in these materials.

The non-oxide amorphous semiconductors can
be divided into three loosely defined structural
categories: (1) materials which are primarily
tetrahedrally bonded such as amorphous Ge and

Si; (2) materials which consist primarily of one-
dimensional intertwining chains such as S, Se,
Te, and Se-Te alloys; and (3) materials which
consist primarily of two-dimensional layers
"bonded" together at random points such as As, S,
and As, Se,.' Probably some of the "switch-glass"
compositions fall into the third structural cate-
gory.

Tetrahedrally bonded amorphous semiconduc-
tors crystallize well below their melting tempera-
tures, but both chain-type and layer-type vitreous
semiconductors can, in principle, be studied con-
tinuously through their glass transition tempera-
tures T~ well into the liquid phase without devitri-
fication. Substantial evidence for the preserva-
tion of local order in chain-type vitreous semi-
conductors above T, has been provided by neu-
tron diffraction, ' x-ray diffraction, ' ' viscosity, "
and magnetic susceptibility' studies. Magnetic
susceptibility' and viscosity" "measurements on
the layer-type vitreous semiconductor As,Se, in
the liquid phase indicate that the local covalent
bonding is essentially unchanged. There is no

sharp break in the electrical conductivity of ei-
ther As, Se,""or Tl,Se-As, Te, "in going through
T„which is consistent with no essential change
in the local order. Only small changes in the
short-range order are inferred from magnetic
susceptibility studies of the crystal-liquid transi-
tion in As, Se3.'

This Letter reports far-infrared vibrational ab-
sorption measurements in vitreous As, Se, and

Tl,Se.As, Te, from 4.2 K to temperatures well in-
to the liquid phase. These measurements yield
the first direct and detailed evidence for the pres-
ervation of local order in layer-type vitreous

semiconductors well above the glass transition
temperatures. In addition, there is a well-de-
fined temperature above which the vibrational
modes disappear abruptly in liquid Tl28e. As, Te3.
This leads to the hypothesis that in the layer-type
semiconducting glasses there exists a character-
istic temperature T, above which the local order
changes abruptly.

Recent room-temperature transmission and re-
flection measurements"*" from 10 to 600 cm '
indicate strong Gaussian absorption peaks at 102,
156, and 23'7 cm ' in As, Se, and at 80, 189, and
246 cm ' in Tl,Se ~ As, Te,. These peaks are es-
sentially independent of temperature from 4.2 to
300'K. A simple statistical model assuming a
Gaussian distribution of Lorentzian oscillators is
found to be consistent with both the experimental
data and the random nature of a disordered struc-

The transmission measurements from room
temperature to 675'K reported in this Letter were
performed by sealing the glass samples in high-
temperature cells employing silicon windows.
Thermocouples (0.001-in. Chromel-Alumel) were
imbedded in the glass samples, and temperatures
were maintained constant to within + 3'K. Correc-
tions were made at all temperatures for the ex-
perimentally determined silicon absorption and
reflection. Increased silicon absorption with in-
creasing temperature cut down the extremes of
glass absorption that could be accurately mea-
sured at the highest temperatures. " For all high-
temperature samples, agreement was checked at
room temperature with measurements obtained
on free-standing samples both before and after
the temperature cycling. Sample thickness ranged
from 25 to 75 p, m in As, Se, and from 25 to 50 p, m
in Tl Se ~ As2Te, . Transmission measurements
were made on a Perkin-Elmer 301 grating mono-
chromator and on an interferometric spectrome-

414



VOLUME 27, NUMBER 7 PHYSICAL REVIEW LETTERS 16 AUGUsv 197I

FRE4Uf NCY (Ht)

3X IO'
I

IPII
— 3 X la~

FRFQUE"ICY (Hg)

S X lO'~ lOIS
lo

-Sxlo

tO cm)

I —373 K

473OK

523'K
573oK

5.-- 623 K

6 —x 673oK

na
(cm l)

I-e
10

x

Ix

l

x $XlO

x

I

x

!
x -IO
!

(Q cm)

l —423 'K
2 —-- 4734K5-- 523 K

4 -- 573'K
5--- 623 K

4

g 5

I

I

I

I

~J)~
/

i
i

- Io

-sxlo

I

loo 200 500

WAVEI4UMSKR (ce

FIG. 1. Temperature dependence of the vibrational
conductivity cr (index of refraction times absorption co-
efficient) versus frequency on a log-log scale in vitre-
ous As2Se~. The data at 623'K extend only from 90 to
110 cm '- the data at 673 K extend only from 290 to 305
cm '. At all other temperatures the data extend from
approximately 40 to 300 cm . From 4.2 to 373 K the
vibrational peaks are essentially independent of tem-
perature. The glass transition temperature T~ for
As28ee is 460'K.

ter as described elsewhere. ""In calculating
the curves of the conductivity o of Figs. 1 and 2

the index of refraction was assumed to be temper-
ature independent and equal to the room-tempera-
ture values determined in previous investiga-
tions. "" Changes in the conductivity spectra of
these two figures represent changes in the imagi-
nary part of the index k with temperature. Re-
flection losses at the silicon-glass interfaces
were taken into account assuming room-tempera-
ture indices of refraction.

The three absorption peaks in vitreous As28e3
fall near three groups of peaks observed in the
crystalline material. Below T~ this information
is not surprising if one considers the conclusions
of infrared and Raman studies of layered crystal-
line semiconductors, namely, that the layer sym-
metry dominates over the total symmetry of the
crystal as far as the vibrational modes are con-
cerned. "'' Of the three peaks at 102, 156, and
237 cm ' in vitreous As, Se„only the peak at 237
cm ' has been conclusively identified from infra-
red and Raman studies of crystalline As, Se3."
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FIG. 2. Temperature dependence of the vibrational
conductivity {index of refraction times absorption co-
efficient) versus frequency on a log-log scale in vitre-
ous T12Se. As& Tes. From 4.2 to 423 K the two vibration-
al peaks are essentially independent of temperature.
I~ is 359 K for this glass.

This peak is attributed to an in-plane rigid sub-
lattice vibration in which the arsenic and selenium
sublattices undergo oppositely directed rigid
translations. Presumably the lower-frequency
peaks also result from some kind of rigid sublat-
tice motion.

Figure 1 shows the data for As2Se, . The strong
peak at 237 cm ' is essentially independent of
temperature up to the highest temperatures mea-
sured although there is some indication of broad-
ening of the Gaussian line at 673'K. Most signifi-
cant, however, is the fact that this vibrational ab-
sorption peak still exists not only above T, (460'K)
but also above the melting point for crystalline
As~Se, (633'K). The peaks at 102 and 156 cm '
also persist well into the liquid phase with the
peak at 102 cm ' gradually becoming more Lo-
rentzian in character as the temperature is in-
creased. " This t:rend toward a Lorentzian line
shape could reflect the increased influence of an-
harmonic terms in the potential with increasing
temperature.

The structural model which the data of Fig. 1
suggest is that the weak forces between layers in
the glass are breaking up at the glass transition
temperature leading to the precipitous drop in the
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viscosity around T,. But the layers themselves
remain intact as evidenced by the relatively un-
changed vibrational absorption of Fig. 1. Even
above the melting point of crystalline As, Se„ the
layers remain essentially intact.

The question may reasonably be asked, "At
what point do the layers begin to break up?" In
the hope of answering this question a glass of the
same general structure as As, Se, but with a lower
softening point was studied, namely, vitreous
Tl,Se ~ As,Te, where T~ = 359'K." The two vibra-
tional absorption peaks at 189 and 246 cm ' cor-
respond to the peak at 237 cm ' in As,Se„and
they probably represent arsenic-selenium rigid
sublattice vibrations. Figure 2 indicates that
these two peaks are essentially temperature inde-
pendent up to 473'K at which temperature they di-
minish precipitously and become unobservable
above 573'K. The line shapes of the two peaks re-
main essentially unchanged until their sudden dis-
appearance. Above 573'K the conductivity in-
creases again, but a broad absorption which is
independent of frequency is observed in contrast
to the sharp peaks present at the lower tempera-
tures. This absorption above 573'K is exponen-
tially dependent on temperature. It is associated
with the thermally activated absorption observed
in this glass"" from 3 to 15 p, m at temperatures
below T~ and is discussed in a separate publica-
tion.

The data for Fig. 2 support the structural mod-
el proposed above for the behavior of layer-type
vitreous semiconductors above T~ with the addi-
tion of one significant feature. There is a charac-
teristic temperature at which these layers in the
liquid disintegrate as indicated for Tl,Se ~ As,Te,
in Fig. 3. This temperature T, is 480+10'K for
Tl Se As, Te, as obtained from the maximum
heights of the peaks at 189 and 246 cm ' versus
temperature. Since the widths of the two lines
are temperature independent, Fig. 3 is essential-
ly a plot of the intensities.

A comparison of the present results with the
general behavior of the viscosity g with tempera-
ture in layer-type semiconducting glasses is il-
lustrative. In the region of T, (T~ is defined as
that temperature for which q =10"P) the slope of
logy vs T is large and negative for all layer-type
chalcogenide glasses. This sharp fall in the vis-
cosity is attributed to a breakup of the bonds be-
tween layers with increasing temperature. The
interlayer forces are inherently weak so that the
viscosity changes dramatically in this region.
There is a break in the typical viscosity curve of
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FIG. 3. Peak conductivity of the Gaussian vibrational
lines at 189 (circles) and 246 cm ' (squares) versus
temperature in vitreous T12Se As2Tee. 1'~ is the glass
transition temperature; T, is a characteristic tempera-
ture for an abrupt change in local order as described
in the text. The insert indicates the features repre-
sented by the circles and squares (see also Fig. 2).

'In As2See, the points at which the layers are "bond-
ed" together are As atoms in octahedral coordination,
i.e., three Se atoms from each layer. X-ray radial-
distribution analyses of As2Se3 place the percentage of

a layer-type chalcogenide glass somewhere be-
tween 10' and 10' P which occurs at about 625'K
for As, Se,." Above this temperature the viscosi-
ty drops more slowly with temperature. This
slower drop is attributed to the breakup of the
layers themselves. Since the covalent intralayer
bonds are stronger than the bonds between layers,
the viscosity drops more slowly in this region.

Although complete viscosity data for Tl,Se
~ As,Te, are not available, the region of sharp
fall in the viscosity can be accurately positioned
by the value of T~ = 359'K where by definition
the viscosity is 10"P. If the slope of logy near
T, is assumed to be identical with that for As, Se3,
and if the break in the viscosity curve is assumed
to fall at 1000 P, then the onset of the slower
drop in viscosity due to the breakup of the layers
would occur in the vicinity of 450-500 K. This is
consistent with the observed value of T, = 480'K
since this is the temperature at which the vibra-
tional modes of the layers vanish. On the basis
of the break in the viscosity curve for As, Se„ the
predicted value of T, for this glass is 725+ 50'K.
Experiments are in progress to evaluate T, for
As, Se, and other chalcogenide glasses.
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A number of anomalous peaks in the photoconductivity of n-type InSb in strong mag-
netic fields have recently been reported. We explain these anomalies in terms of elec-
tron-hole hybridization with a single LO phonon together with coupling to bound phonon
pairs. The hybridization process introduces extra peaks in the photoconductivity spec-
trum in the vicinity of the LO phonon as well as the bound-state energies in agreement
with experiment.

In recent photoconductivity experiments on n-
type InSb in the presence of a magnetic field,
Kaplan and %allis' observed several anomalous
peaks whose positions and widths exhibit a pecu-
liar field dependence. For a wide range of mag-
netic field strengths the photoconductivity spectra
exhibit sharp peaks due to cyclotron resonance
absorption by free electrons and electrons bound
to impurity atoms. ' In the present paper we
shall be concerned only with absorption due to the
bound electrons. The energies of the peaks cor-
responding to impurity-bound electron transi-
tions are plotted as a function of magnetic field

in Fig. 1. The peak energies labeled LO, LO
+(001), LO+(OTO), and LO+(020) have been at-
tributed by Kaplan and %allis' to transitions in-
volving various impurity energy eigenstates.
However, the two branches labeled LO+4 and
LO- d seem to be completely anomalous in
terms of previous theories. The aim of the pres-
ent study is to explain the latter peculiar branch-
es by considering the influence of bound phonon-
pair states on the electronic transitions involved
in photoconductivity.

The manner in which phonons can modify the
photoconductivity is shown diagrammatically in
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