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The transmission spectra of the amorphous semiconductor system (GeS,),(As;S3);_, are mea-
sured under hydrostatic pressure, and the dependence of the optical gap E, and the refractive index
n on the pressure is studied. The large red shift in E, is attributed to the band-broadening effect
originating in the increased interaction between the lone-pair electrons of the sulfur atoms. The
change in the refractive index n is analyzed successfully by the Penn-Phillips-type two-oscillator
model. Anomalous changes in the optical gap E, are observed for GeS,-rich materials in the pres-
sure range 20 < P <40 kbar. Corresponding to these anomalies, a large hysteresis is also observed in
the experimental curve of the optical gap E, versus pressure P. This anomaly is attributed to a
structural change induced by pressure, and this suggests the existence of voids in the GeS,-rich

amorphous (GeS;),(As;S;); _, system.

I. INTRODUCTION

The effect of compression on the optical dielectric con-
stant of solids has attracted much interest and it has been
treated by many authors.! Van Vechten? showed that a
Penn-Phillips-type single-oscillator model could success-
fully treat covalent and ionic crystals. In particular this
model could explain the qualitatively different behavior of
the Grineisen parameter defined by X'= —d InX/d InV
for the covalent Ge family (X' <0) and for alkali halides
(X'>0), where X =(€y— 1) /41 is the electronic suscepti-
bility.

The effect of compression on the optical dielectric con-
stant for chalcogenide amorphous materials has been
shown to be large and characteristic.’~° Namely, the
band-gap energy shows a strong red shift to low energy
with increasing pressure, while the refractive index n
shows a rapid increase with increasing pressure. Wein-
stein et al. have studied the optical-gap behavior of
a-As,S; (Refs. 4 and 5) and a-GeS, (Ref. 6) under hydro-
static pressure and interpreted the experimental results in
terms of the network dimensionality of these molecular
solids.

In the present paper, the effect of hydrostatic pressure
on the optical gap is studied in detail on the
(GeS,),(As,S;3),_, system for the first time. An
anomalous dependence of the optical gap on the pressure
and large hysteresis effects for GeS,-rich amorphous ma-
terials are observed. These anomalies are attributed to the
structural change produced by the pressure, and the possi-
bility is discussed of the existence of a hollow structure,
like that seen in a three-dimensional GeS, crystal.! The
effect of compression on the optical dielectric constant of
the (GeS,),(As;S3);_, system is analyzed successfully by
the Penn-Phillips-type two-oscillator model.

II. EXPERIMENTAL PROCEDURE

The samples used were prepared by the melt quench-
ing of a mixture of elements Ge, As, and S of high
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purity (99.9999%-purity stock) for the composition
(GeS,), (As,S3); _»; x =0.0, 0.25, 0.50, 0.75, 0.90, and 1.0.
The sample materials were sealed at 107 Torr in a quartz
ampoule, and heated gradually up to 800°C and the fur-
nace was rocked for 12 h in order to obtain homogeneous
samples. For all compositions except x =0.0 and 1.0,
samples were rocked for 72 h at 950—1000°C, and then
were quenched in air. The sample for x =0.0 was rocked
for 24 h at 600°C and then was quenched in air. For the
composition x =1.0, the ampoule was water quenched in
order to prevent crystallization.

The  glass  transition  temperature of  the
(GeS,),(As,S3); _, system was measured in the tempera-
ture range of 300—700 K by differential scanning
calorimetry (DSC) measurement (Seikosha Model No.
SSC-560S). The rate of temperature rise was 10°C/ min.
DSC measurements confirmed that the sample was one
phase and that crystals are not included.

The composition ratios of the samples were examined
by a Jarrel-Ash inductivity coupled argon plasma (optical
emission spectroscopy, Model 975, Plasma Atom Comp.),
and the maximum compositional deviation in weight from
the intended composition was found to be less than +1%.

The samples were sliced and polished to a thickness of
10—20 um. The thicknesses of the samples were 13.8,
19.4, 13.5, 14.1, 15.5, and 20.0 um for the compositions
x =0.0, 0.25, 0.50, 0.75, 0.90, and 1.0, respectively. These
small pieces were installed in a diamond anvil cell. The
pressure was monitored by the wavelength of the R,
luminescence line from a small piece of ruby installed in
the diamond anvil cell. As a pressure-transmitting medi-
um a mixture of a methanol and ethanol in the ratio of
4:1 was used. The pressure was monitored before and
after the transmission measurement and the error of the
pressure measurement was determined by the uncertainty
of the ruby scale, i.e., about +3%.

Transmission measurements were performed with the
monochromater JASCO-CT-25C. Light passing through
the sample was focused by a lens onto a small hole in a
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screen in the image plane and the transmission measure-
ment was performed. The sample was set behind the
monochromator. The monochromatic light incident on
the sample was too weak to induce the photostructural
change. As a light source, a halogen lamp and a xenon
lamp were used. In the wavelength range longer than
8000 A, a PbS detector was used. A photomultiplier R-
374 was used in the wavelength range shorter than
8000 A. The pressure dependence of the refractive index
n was obtained from the interference fringe spacing in the
transparent region.

III. RESULTS

A. Transmission spectra and the absorption edge

The absorption spectra of the (GeS,),(As;S3);_, sys-
tem for various composition x at the atmospheric pres-
sure are shown in Fig. 1. The energy range of these spec-
tra corresponds to that of the Urbach tail. The exponen-
tial slope of the absorption coefficient is shown to depend
on the composition x.

The transmission spectra at various pressures are shown
in Fig. 2. The total fraction of light transmitted is
corrected for reflection and other losses and standardized
relative to the (constant) transmission at longer wave-
lengths. For every composition x, the transmission spec-
tra are shifted to the low-energy side with increasing pres-
sure and the spectra obtained were nearly parallel to each
other. When the pressure is removed, the absorption edge
shifts back to the high-energy side, but with hysteresis.
After the pressure is removed, the absorption edge initial-
ly remains at a lower energy than the original value, but
slowly increases. The dependence of the optical gap E,
on the pressure is shown in Fig. 3.

When the interference effects are ignored, the transmis-
sion T is expressed as follows:
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FIG. 1. Absorption coefficient of (GeS,),(As;S;3);_ at room
temperature for x =0.0, 0.25, 0.50, 0.75, 0.90, and 1.0.

10071

SO

x=0.75

%)

x=0.50

SO

x=0.25

TRANSMISSION

x=0.0

SO

(GeSyk(As2S3h-«

o

15 2025 30
PHOTON ENERGY (ev)

FIG. 2. Transmission spectra of (GeS;),(As,S;),_, under
hydrostatic pressure. Dotted curves are the transmission spectra
after the pressure is released.
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where R is the reflectivity, a is the absorption coefficient,
and ! is the thickness of sample. Under the condition
R% 2% <1, T is expressed by the relation

T=(1—R)% %, (2)

Furthermore, when the transmission is normalized by the
constant transmission 7'=(1—R)? in the transparent re-
gion as in the present case, T is expressed simply by

T=e %, (3)

In our present experiment, the optical gap E is defined as
the energy at a=5x 10> cm~!. The thickness of the sam-
ple was measured by the interference pattern in the
transmission spectra by the relation as follows:

-1
1 1
Am+l _}\m ’ @

R
2n

where A,, is the peak wavelength in the interference pat-
tern. The refractive index n is obtained from the mea-
surement of the Brewster angle.

In Fig. 3, the optical gap E, for the first compression is
shown by the solid circles and the optical gap E, for the
second compression some days after the first compression
is shown by the open circles. E, shows a red shift with
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FIG. 3. Dependence of the optical gap E, upon the applied
hydrostatic pressure. Solid circles represent the first compres-
sion, solid triangles represent the optical gap just after the
release of the pressure, open circles represent the second
compression, and open triangles represent the optical gap just
after the release of the second compression. The square mark
denotes the optical gap after annealing.
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increasing pressure for every composition x. Fur-
thermore, for the samples x > 0.5, the pressure coefficient
dE,/dP changes drastically at a particular pressure. The
optical gap Ej after the release of the second compression
is also shown in Fig. 3. An anomalous change in the opti-
cal gap E, with pressure is observed only for the virgin
sample. The optical gaps E, at the highest pressure of
approximately 60 kbar become approximately the same
for the first and second compression. Large hysteresis is
seen only after the first compression.

B. Refractive index n

Dependence of the optical path length n/ on the hydro-
static pressure is shown in Fig. 4. In these figures, optical
path length nl/ is shown normalized relative to the value at
the atmospheric pressure. For each composition x, the
optical path length n/ is observed to increase with increas-
ing pressure. The observed trend is that the pressure coef-
ficient of nl decreases with increasing composition x of
the GeS,. For x =1.0, GeS,, the interference pattern
could not be observed because of the low reflectivity, and
the value from Ref. 6 has been used in the discussion.

C. Glass transition temperature

In Fig. 5, the glass transition temperature 7, derived
from the DSC measurement is shown. For GeS,, T, is
out of the range of our DSC equipment and the value of
T, from Ref. 11 is employed in the discussion.
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FIG. 4. Dependence of nl/(nl)y on the hydrostatic pressure
for (GeS,),(As;S3)1 -
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FIG. 5. Glass transition temperature T, is plotted as a func-
tion of the composition x for (GeS;),(As;S3)|_x-

1V. DISCUSSION

A. Dependence of the optical gap E,
on the composition x

The dependence of the optical gap E, on the composi-
tion x at atmospheric pressure is shown in Fig. 6. The
optical gap E, can be seen to increase gradually up to
x =0.5. However, the optical gap E| increases steeply
for x >0.5 with increasing GeS, concentration. In the
As,S3-rich region the optical gap E, is apparently deter-
mined by the energy gap of the As,S; component. How-
ever, in the GeS,-rich region, the optical gap E, becomes
nearly that of GeS,. The absorption in our measurement
is in the range of the Urbach tail and the absorption coef-
ficient a is expressed as follows:

T ) (5)

alw) < exp

where v is a constant, T is a temperature, and k is the
Boltzmann constant. y/kT is plotted in Fig. 7 as a func-
tion of the composition x. 1/y is a measure of the disor-
der of the system.!? Decrease of ¥ /kT with the increase
of the GeS, means that the exponential tail is extended
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FIG. 6. Optical gap E, at P =0 kbar is plotted as function of

the composition x for (GeS,;),(As;S3);_x.
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FIG. 7. y/kT is plotted as a function of the composition x
for (GeS,),(As,;S3);_,. The definition of y is seen in the text.

deep into the band gap for GeS,. In other words, the dis-
order of the system increases with the increasing GeS,
concentration.

B. Dependence of the optical gap E, on the pressure

In the molecular-type amorphous materials, each
molecular unit is bonded weakly by a van der Waals force
originating in the lone-pair electron of a S atom.

In the system (GeS,),(As,;S3);_, the top of the valence
band is composed of the lone-pair electrons of sulfur
atoms, and the bottom of the conduction band is com-
posed of the antibonding states of Ge and As atoms.

The covalent bond is comparatively incompressible.
However, the distances between the molecular units bond-
ed by the van der Waals forces are more strongly
compressed. As a result, the interaction among the lone-
pair electrons is increased and band broadening is in-
duced. This results in the red shift of the optical gap E,
with increasing hydrostatic pressure. In Fig. 8, the
schematic density-of-states diagram is shown. This kind
of red shift is also observed in the low-dimensional crys-
tals containing chalcogenide atoms.
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FIG. 8. Schematic diagram of the energy vs density of state
for P =0 (left side) and P > O (right side).
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The pressure coefficient dE,/dP at atmospheric pres-
sure is obtained from a least-squares fit. In Fig. 9, the
value of the pressure coefficient —dE,/dP is plotted as a
function of the composition x. As the pressure depen-
dence is nonlinear at a pressure higher than 20 kbar, the
fitting was done here for a pressure lower than 20 kbar.
—dE,/dP is seen to decrease almost linearly with the in-
crease of the GeS, composition x. A sudden change of
dE,/dP was observed at P =20 kbar for GeS,-rich com-
position. At x =0.5, this sudden change in dE,/dP be-
gan to appear, and as x increased the change became more
pronounced. The value of the sudden change of
—dE,/dP near P~20 kbar, for example, is 1.19—1.63
for x =0.5, 0.90—1.80 for x =0.75, 0.92—2.22 for
x =0.90, and 0.81—3.55 for x =1.0 (here the units of
—dE,/dP are 102 eV /kbar). The appearance of this ef-
fect for x >0.5 is correlated with the trend of the change
of E, with the increase of the GeS, concentration x. In
Ref. 6 no measurement was reported for the pressure be-
tween O and 26 kbar, and the reported value of
dE,/dP =23 meV/kbar for GeS, was obtained by con-
necting the Ey at P =0 and P=26 kbar by the straight
line. The value of dE,/dP in Ref. 6 is, however, in good
agreement with our experiment in the pressure range
above 20 kbar.

GeS, has two types of crystal structure.'® One is the
two-dimensional GeS, which is usually obtained at a rela-
tively high temperature, and the other is the three-
dimensional GeS, crystal with the same local structure
(i.e., nearest-neighbor bonding) as SiO,, as shown in Figs.
10(a) and 10(b), respectively.

In the amorphous GeS,, network structure may be com-
posed of the mixture of the two types of crystal structures
mentioned above. It may be of importance to notice the
existence of voids in the three-dimensional GeS,. It is
possible that similar void structures may also exist in the
amorphous GeS,. In the high-pressure region of P>20
kbar, the void may be crushed to some extent by the
compression, and this induces a larger overlap between the
S lone-pair electrons. This may be the origin of the large
value of —dE,/dP observed in the pressure region
20 < P <40 kbar.

As shown in Fig. 3, hysteresis in E, is observed after
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FIG. 9. —dE,/dP for the low-pressure region is plotted as a
function of the composition x for (GeS;),(As,S3)|_x.
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FIG. 10. (a) Crystal structure of the two-dimensional GeS,.
(b) Crystal structure of the three-dimensional GeS,.

the pressure is released. Ej is defined as the optical gap
at 24 h after the release of the pressure. EL™ is defined
as EN'=FE,(P=0)—E{. The value of EY* for each
composition x is shown in Fig. 11. This shows that E*
is almost constant up to x =0.5, and it is increased with
the increase of x for x >0.5. E® of GeS, (0.63 eV) is
large compared with that of As,S; (0.16 eV).

Now we will further discuss the relation between E§¥*
and the nonlinear behavior of E, with changing pressure.
As seen in Fig. 3, a large change in E, occurs in the pres-
sure range 20 <P <40 kbar for x >0.5. The change of
E, with pressure is closely correlated with EB¥*' for each
composition. Namely, the larger the change of E, in the
prsssture range 20 < P <40 kbar, the larger is the value of
Eg*.

As seen in Fig. 3, the change of E, on the second
compression shows no anomalous dependence on pressure,
and the value of E; near the maximum pressure (50—60
kbar) is almost the same as that of the first compression.
The behavior after the release of the first compression is
almost uniform for the second compression. These exper-
iments suggest that a structural change occurs in the pres-
sure range near 20 kbar. This structural change still
remains after the pressure is removed, and it appears as a
pronounced hysteresis. It may be of interest to mention
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FIG. 11. E§™ is plotted as a function of the composition x
for (GeS,);(As;S3)1_x. See the definition of E§*' in the text.

the phase transition of three-dimensional GeS, at 110
kbar.® In the case of this phase transition, the color
changes from colorless to brown, and the absorption edge
shifts discontinuously to the red by about 1 eV. Further-
more, the high-pressure phase remains after the pressure
is removed. These effects have been interpreted as the de-
struction of the void structure characteristic of the three-
dimensional GeS, crystal.

After the annealing of these amorphous materials at
400°C for 2 h, the optical gap E; has a value very similar
to that of the virgin sample before the compression. The
structure under the high pressure is still in the metastable
state, and the void structure may be recovered easily with
annealing.

Comparing Figs. 5 and 11 we can also see that there is
a strong correlation between E*' and the glass transition
temperature T,.

C. Dependence of the refractive index n
on the pressure

In Fig. 4, the optical path length n/ is plotted as a func-
tion of pressure, and the value of (1/n)(dn/dP) can be
obtained. n is the refractive index and [ is the thickness
of sample. From the relation

1dnl) K

ndP ™ nl dP 37

(1/n)(dn /dP) is calculated. Lame’s constants are deter-
mined from the longitudinal and transverse sound veloci-
ties determined'> by the pulse echo method, and the
compressibility K is calculated from the Lame’s con-
stants. The values of (1/n)(dn /dP) are 7.88 for x =0.0,
5.32 for x =0.5, 5.32 for x =0.75, and 5.36 for x =0.9,
in units of 10~ kbar— 1.

In the case of the (GeS,),(As,S;);_, system, the weak
bond between the molecular units is shortened under
compression, and the covalently bonded nearest-neighbor
atoms may not be influenced as much. Therefore,
bonding-antibonding interaction is not increased as much.

As seen in Fig. 8, the valence bands of these amorphous
systems are composed of two bands. One is the nonbond-

(6)
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ing state of lone-pair electrons of chalcogen atoms, and
the other is the low-lying bonding state. We consider the
transition from the nonbonding state to the antibonding
state (region I) and the transition from the bonding state
to the antibonding state (region II). To discuss these two
transitions, the Penn-Phillips-type two-oscillator model
proposed by Weinstein et al.’ is used.

The electronic susceptibility is then expressed as fol-
lows:

#e? nift  #2%? nufu
VE}  m VE}

X=X1+Xy= (7)
Here the subscripts I and II refer to the regions I and II.
[ is the oscillator strength, m and e are the mass and the
charge of the electron, V is the molar volume, and 7 is the
number of the valence electrons per unit molecule.

The Griineisen parameter for the electronic susceptibili-
ty as defined by X'= —(d InX /d InV) is obtained as fol-
lows:

. zl_dlnfl ﬁdlnfn i :E_gXI dEI
X dinv X dnV " E, |E, X |dlnV
E, X dE :
_’_i g 21 I . (8)
Eg EII X dInV

For the chalcogenide amorphous semiconductors studied
in the present paper the transition energy in region II is
almost independent of pressure. We can then put
dEy/d InV =0 and can neglect the fourth term in Eq. (8).
The second and third terms together give
—(dInf/d InV)*, and this term is the change in oscillator

strength.
As a result, Eq. (8) is simplified as follows:
vm1_ |4 ", 2 dE ©)
- dInV E, dinV ’
where
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FIG. 12. The Griineisen parameter for the electronic suscep-
tibility by X'=—d InX/d InV is plotted as a function of the
composition x for (GeS;),(As;S;);_,. The values of X' from
Refs. 5, 6, and 14—17 are also plotted.
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ﬂzEgX[/E[X .

For the (GeS,),(As,S3),_, system, E, shifts to the red
and dE;/d InV > 0. If the change in oscillator strength is
small, it follows that X' > 1.

X' can be obtained from the experimentally obtained
(1/n)(dn /dP) by using the following relation:

1 dn

, n? 2
X n dP

= = . (10)
n’—1K

In Fig. 12, X’ obtained by this formula with the experi-
mental data are plotted as a function of the GeS, compo-
sition x. For x=1, the value of (1/ni)dnl/
dP)=2.1x107? kbar~! from Ref. 6 is used. In the
(GeS,),(As,S3);_, system, X’'>1 is seen to be true for
every x, as in the case of other chalcogenide glasses, and
X' tends to decrease with increasing GeS, composition x.
The values of X’ from Refs. 5, 6, and 14—17 are also

shown in Fig. 12. These reported data are in good agree-
ment with our experiment.

Further, the refractive index » is determined by all elec-
tronic transitions between the valence and conduction
band, whereas the relatively weak optical absorption near
the band-gap region is determined by a small number of
transitions in the Urbach tail. When the interaction be-
tween the lone-pair electrons increases, the valence band
broadens as described above. However, the mean density
of states does not change and therefore the oscillator
strength remains approximately constant. For this reason,
the refractive index is not expected to show any
anomalous change under pressure.
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