Semiconductor Physics, Quantum Electronics & Optoelectronics, 2014. V. 17, N 1. P. 61-66.

PACS 61.43.Fs, 61.46.Bc, 77.84.Bw, 78.30.Ly

Raman spectroscopy and X-ray diffraction
studies of (GeS,;)100.(SbSI), glasses and composites on their basis

V.M. Rubish', V.0O. Stefanovich?, V.M. Maryan', O.A. Mykaylo®, P.P. Shtets', D.I. Kaynts’, .M. Yurkin
'Uzhgorod Scientific-Technological Center of the Institute for Information Recording, NAS of Ukraine,

4a, Zamkovi skhody str., 88000 Uzhgorod, Ukraine, e-mail: center.uzh@gmail.com

*Uzhgorod National University, 3, Narodna sq., Uzhgorod 88000, Ukraine

Abstract. The structure and structural changes under the isothermal annealing of
(GeSy)100.(SbSI), (0 <x<90) glasses were investigated by Raman spectroscopy and
X-ray diffraction methods. The nanoheterogeneous nature of these glasses structure has
been revealed. The matrix of (GeS;);00.(SbSI), glasses is basically built just of binary
GeS,, SbS; and Sbl; structural groups and contains a small amount of molecular
fragments with homopolar Ge—Ge and S—S bonds. The phase structure arising in the

glass matrix at crystallization corresponds to the structure of crystalline SbSI.
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1. Introduction

Obtaining and studying (GeS;);0o_(SbSI), glasses and
their amorphous films are important in view of both
fundamental and practical aspects. Due to their high
sensitivity, GeS, non-crystalline materials are potential
candidates for being used as optical information storage
media, gratings, optical diffraction elements,
holographic recording media, etc. [1-5]. Ferroelectric-
semiconductor antimony sulphoiodide (SbSI) shows
excellent properties [6] and is a promising material for
various applications (infrared, piezo- and pyroelectric
detectors, actuators, memory, etc. [7 — 9]).
(GeS5) 100 +(SbSI), (0 < x < 90) glasses have been
studied with the aim of examining the possibility to
obtain some new structures of higher quality in respect
of dielectric and optical properties on the basis of
materials with amorphous internal network. In view of
the fact that the structure and physical properties of non-
crystalline materials can be modified in different ways,

first of all, by continuous variation of starting
components ratio, and then, by modification of the
synthesis regime and subsequent thermal, electric and
optical treatment, the main aim was to find out the
optimal conditions for obtaining composites with desired
properties.

It has been shown that in the matrix of GeS,-SbSI
glasses under certain thermal treatment SbSI crystalline
inclusions could be obtained [10-12]. There is also a
report on fabrication of antimony sulphoiodide
crystalline inclusions in the matrix of (GeS;)19_.(SbSI),
glasses under laser beam treatment [13]. In the course of
Raman measurements, formation of SbSI crystallites in
the As,S; glass matrix was observed [14, 15].

The influence of obtaining SbSI nanocrystalline
inclusions and heat treatment conditions on the structure
of As,S;-SbSI glasses was earlier revealed [16-18]. It
was shown that, in the matrix of glasses obtained under
rigid hardening conditions, SbSI nanocrystalline
inclusions were absent [16, 17]. In the course of cooling
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the melts from lower homogenization temperatures, and,
accordingly, at lower cooling rates, the presence of SbSI
nanocrystals in the glassy matrix was detected [18].
Similar situation probably occurs also in the GeS,-SbSI
system [19]. The features within the range
115 — 138 cm™', identified in Raman spectra of annealed
glasses containing 50-90 mol% of SbSI, indicate the
presence of the nanocrystalline inclusions of antimony
sulphoiodide in these materials.

In this paper, we report the studies of the structure
of (GeS,)100_(SbSI), (0 < x <90) glasses obtained under
rigid hardening conditions and the structural changes
that occur in them under the annealing process.

2. Experimental

(GeS;)100(SbSI), (0 <x <90) glasses were prepared by
using the vacuum melting method (~0.01 Pa) of the
relevant mixture of GeS, and SbSI components,
preliminary synthesized from the high-purity elemental
substances. The weight of samples was chosen
depending on the composition of alloys within 3 — 10 g.
Glassy GeS, was obtained by cooling the homogenized
melt (for 72h) from 1100K in cold water.
Polycrystalline SbSI was prepared by cooling the
homogenized melt (for 72 h) from 900 K in the turned-
off furnace regime. (GeS;)100(SbSI), melts were
homogenized at 900-1100 K for 48 h. The melts were
periodically stirred. Cooling of these melts also was
carried out in cold water. The obtained glasses were not
annealed. Amorphous nature of the glasses were verified
using the X-ray diffraction analysis (Fig. 1).

The Raman spectra were obtained at 7= 293 K
with  1ecm’'  resolution by using a DFS-24
spectrophotometer and He-Ne laser (A = 632.8 nm). The
power of laser radiation was set as low as possible to
avoid photostructural transformations in the samples at
their heating.
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Fig. 1. X-ray powder diffraction patterns of as-prepared
(GCSZ)S()(SbSI)50 (]) and (GeSZ)30(SbSI)7O (2) glasses‘

X-ray diffraction studies of glasses, crystallized
glasses and polycrystalline SbSI were carried out using
DRON-3 X-ray apparatus. CuK,-radiation (A=
1.5418 A) was applied.

3. Results and discussion

In the Raman spectra of (GeS,)00.(SbSI), glasses, the
broad features typical for amorphous materials are
observed. As it is seen from the curve | in Fig. 2, the
Raman spectrum of GeS, unannealed glass contains rather
intense broad bands at 101, 343, 373 and 441 cm ' as well
as less pronounced features at 200, 255 and 500 cm .
Earlier, we studied the Raman spectrum of GeS, glass
annealed at T, —20 K (7, — glass transition temperature)
[20]. In this case, the feature at 255 cm™ in the Raman
spectrum for this glass was not detected, and the feature at
500 cm™ is less pronounced. The obtained results are in
good agreement with the results of other authors [21-23].

The intense bands at 343, 373 and 441 cm
correspond to atom vibrations in Ge(S;),), tetrahedra that
form an extensive 3D spatial structural network of GeS,
glass. According to [24-26], the basis of the GeS, glass
matrix is the chains of Ge(S,),), tetrahedra that are bound
by vertices and joined (also in vertices) by the bridge
tetrahedra. The link between tetrahedra is realized
through two coordinated S atoms. Deformation
vibrations of Ge(S;5,), tetrahedra may cause the band in
the range of 200 cm'. Within the same range of
frequencies, the vibrations of S, fragments [20, 24, 25]
are active. The broad band at 100 cm”' may be
associated with the deformation vibrations in fragments
of chains of glassy GeS,.

©

il

LI

-

100 200 300 400 500
v,em’”

Fig. 2. Raman spectra of as-prepared (GeS;);o0_.(SbSI),
glasses. x, mol.%: 0 (7), 5(2), 10(3), 20 (4), 30 (5), 40 (6),
50 (7), 60 (8), 70 (9), 80 (10), 90 (11).
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The weak band at 500 cm ™' (Fig. 2, curve 1) shows
the presence of either short chains of sulfur or S—S
interconnected bridges between tetrahedra in the GeS,
glass network. The presence of S — S homopolar bonds
in the glass matrix suggests the existence of Ge — Ge
bonds in it. Accordingly, the weak band in the Raman
spectrum at 255 cm ' may indicate the presence of the
ethane-like Ge(S;,)s nanophase in the glassy GeS,
matrix [20, 23]. It is confirmed by the results of Raman
spectra of glassy Ge,S; [20] and Ge, S, glasses when
x>33.3 [20, 22]. With increase of the Ge content in
Ge, S0« glasses, the intensity of the bands at 255 cm!
goes up significantly [22]. In addition, at 230 cm ™' in the
Raman spectra of these glasses, there observed is the
feature that relates to the nanophase of distorted salt
Ge(Si6)6 [23]. In the Raman spectrum of glassy Ge,S;,
the intensity of these bands is significant. This behavior
of Raman spectra of Ge,Sig_, glasses can be explained
by the assumption that with increasing concentration of
Ge tetrahedra, they behave like “going into” each other.
It follows that germanium sulfides up to x <40 consist
mainly of structural units GeSy, and Ge,Sq, (S;Ge-
GeS;), connected to the spatial network through divalent
sulfur atoms or through short chains of S,

Incorporation of SbSI in GeS, leads to essential
changes in Raman spectra. In the Raman spectrum of
(GeS,)es(SbSI)s  glass, in addition to the bands
characteristic for GeS, glass (Fig. 2, curve 1), the weak
band at 188 cm ' and the features at 238 and 300 cm '
(Fig. 2, curve 2) were revealed. The feature at 300 cm!
can be attributed to the vibrations of Sb —S bonds in SbS;
pyramids. Meanwhile, the similar bond near 300 cm ',
related to the vibrations of SbSs, structural units, was
observed in Raman spectra of Sb,S; thin films [27],
glasses of Sb—S and Sb,S;-SbSI; systems [20, 28, 29]
and in the infrared absorption spectra of glassy SbSI [30].
The bands at 238 and 254 cm™' (present in the spectrum of
GeS,; glass) according to [20] are referred to homopolar
Ge — Ge bonds. The appearance of the band at 300 cm™
indicates that in the structural network, built mainly by
GeSy, tetrahedra, SbS;), structural groups are formed. The
bond between them is realized through the sulfur atoms.

The band at 188 cm ' indicates to the presence of
structural Sbl; groups in the glass matrix. Significant
increase of this band intensity and its shift in the short-
wave region of the spectrum with increasing SbSI
content in glasses of the GeS,-SbSI system (Fig. 2,
curves 2—11) proves in favor of this assumption. The
maximum of this band for (GeS,);o(SbSI)yy glass is
localized at 163 cm' (Fig.2, curve 11). The similar
Raman features related to the vibrations of Sbl;
structural units were reported for the glasses of Sb,S;-
Sbl; [29], Sb,S;-AsSI [30] and As,S;-SbSI [14-17]
systems. Also, the sharp band at 157 cm ' in the Raman
spectrum of polycrystalline Sbl; is observed [16]. The
Raman spectra of (GeS;);00_(SbSI), glasses do not show
any evidence for the presence of Gel; molecular groups
in their matrix. According to [31], the intense band at
148 cm’ in the Raman spectra of Ge,S,I. glasses

corresponds to the vibrations of Ge and I atoms in Gely
structural groups.

With the increase of antimony sulphoiodide
concentration in the composition of (GeS;);o_.(SbSI),
glasses, the intensity of high-frequency bands
(v>340 cm") appropriately decreases and the intensity
of bands at 300 cm ' grows. Simultaneously, they shift in
the low-frequency spectrum range. The bands at 230—
260 cm ' almost disappear. It indicates the absence of the
structural units of GeS; I, —SbSIl;, and GeS,, I,
(1 £x<4) in the matrix of (GeS;);90..(SbSI), glasses.
The possibility of formation of these units in the glasses
of this system was indicated in [19].

With the growth of SbSI content in the
composition of glasses, there is a gradual transition
from the structure based on GeS,), tetrahedral units to
the structure based on SbS;, pyramids. The bond
between structural groups is specified through the
sulfur atoms. The increase of the number of mixed
(GeS4-SbS;),) structural units in the matrix of glasses
of the GeS,-SbSI system leads to the shift of the main
band in the Raman spectra into the low frequency
region. For example, for (GeS,);o(SbSI)y, glass, the
maximum of the high-frequency band is observed at
315 cm™ (Fig. 2, curve 11). At the same time, there is
an association process of structural Sbl; groups.
Smearing of main bands in Raman spectra of glasses
with a high content of antimony sulphoiodide confirms
a significant structural disorder in the glasses network.
The features that could indicate the existence of the
chain ternary structural SbS,,l units building
crystalline SbSI [6, 32] in the glassy matrix were not
observed in Raman spectra of (GeS;)i90(SbSI),
glasses.

As a result of Raman spectroscopy studies, it was
concluded that the (GeS,)109_(SbSI), glasses have the
nanoheterogeneous structure. The matrix of these glasses
is basically built just of binary GeS,;, SbS; and Sbl;
structural groups and also contains small amounts of
molecular fragments with homopolar Ge — Ge and S — S
bonds.

The obtained data are different from the results of
the structure studies for (GeS,);go_.(SbSI), (50 <x <90)
glasses given in [19]. In Raman spectra of the glasses
presented in this work, there are intense bands at 115,
138, 165 and 315cm ' and a less pronounced band at
290 cm™ (for glasses with x = 50, 60, 70). The similar
bands (107-110 and 138140 cm™") are observed in the
Raman spectra of the bulk crystal [33, 34] and
polycrystalline SbSI (Fig. 3, curvel), also in the
crystallized glasses of As,;S3;-SbSI, As,Ses;-SbSI and
Sb,S;3-AsSI systems [16-18, 30, 35]. This fact may
testify the presence of nanocrystalline SbSI inclusions in
the matrix of (GeS;)100(SbSI), glasses which were
obtained by the authors [19].

The difference between the Raman spectra results
presented in [19] and those presented in this work is due
to the differences in sample preparation techniques for
the measurement. In [19], the glasses of the GeS,-SbSI
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system, obtained by cooling the melts in cold water from
T= 793 K and annealed for 2h at T=413 K, were
studied. In our studies, unannealed glasses derived by
cooling the melts in cold water from the homogenization
temperatures (900—1100 K) were used. In the course of
cooling the melts from lower temperatures, and,
accordingly, at lower cooling rates, it was not possible to
completely suppress the processes of nucleation and
crystal growth. Furthermore, it can point out that SbSI
crystal inclusions could be formed in the glass matrix at
the annealing process of glasses.

Earlier [36], (GeS,)100.(SbSI), glasses were
investigated by differential thermal analysis (DTA).
DTA curves were taken at the heating rate of 6 K/min.
On DTA curves for glasses with x > 50, two exothermic
effects were detected, and the intensity of the first one
was much smaller than of the other. For example, for
(GeS;)0(SbSI)g glass, the temperatures maxima of these
effects are 400 and 509 K, respectively. In addition, it
was found that the maximum temperature of the first
effect of crystallization of (GeS;);09.(SbSI), glasses
(50 <£x £90) weakly depends on the composition, and it
is within 395-405 K. At these temperatures, crystalline
inclusions of antimony sulphoiodide are formed in the
glasses. The investigation results of (GeS;);o(SbSI)gg

glass, annealed at 413K for 1h, using Raman
spectroscopy and X-ray diffraction, confirm this
conclusion [12, 36].
3
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Fig. 3. Fragments of X-ray powder diffraction patterns of
polycrystalline SbSI (/) and annealed at 7= 403 K for 2h
(GCS2)30(SbSI)70 (2) and (GeSz)50(SbSI)50 (3) glasses.

Here, we present the data studies of the annealing
effect on the structure of (GeS,)0_.(SbSI), glasses with
the content of antimony sulphoiodide 50 and 70 mol.%.
On X-ray powder diffraction patterns there are reflexes
(Fig. 3, curves 2,3) for the glasses of referred
compositions after annealing at 403 K for 2 h, indicating
the presence of crystalline phases. In the same figure, a
fragment of the diffraction pattern of polycrystalline
SbSI (Fig. 3, curve 1) is given.

It is seen that they have weak reflexes, positions of
which satisfactorily coincide with the positions of
intense lines in the diffraction pattern of polycrystalline
SbSI. This is the evidence that the phase structure arising
in the (GeS,)100(SbSI), glass matrix during their
crystallization conforms the structure of crystalline
antimony sulphoiodide.

The same conclusion follows from the results of
the Raman spectra research of these glasses. Presented
in Fig. 4 (curves 2,3) are the Raman spectra of
(GeS,)50(SbSI)sy  and  (GeS,)3(SbSI);y  glasses
crystallized at 403 K for 2 h. In the same figure, the
Raman spectrum of polycrystalline SbSI (Fig. 4,
curve 1) is given. Raman spectra of crystallized glasses
have sharp bands at 109-110, 139-140 and
319-320 cm ' and weak features at 166-169, 208-210,
255-257 cm ', The similar bands are observed in the
Raman spectra of mono- [33, 34], poly- (Fig. 4,
curve 1) and nano- [37, 38] crystalline SbSI.

S
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Fig. 4. Raman spectra of polycrystalline SbSI (/) and annealed
at T= 403K for 2h (GeS,);(SbSD),(2) and
GeS,)s50(SbSI)so (3) glasses.
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It was shown above that the glasses of the GeS,-
SbSI system have the nanoheterogenous structure. Their
matrix is built only by binary structural units GeS,4, and
SbS;,, and contains Sbl; molecules or is associated on
their basis. Also, there are structural fragments with
homopolar bonds Ge — Ge and S—S in the matrix of
glasses. During the heating process of (GeS,);¢0_.(SbSI),
glasses up to the temperatures of the 1-st exothermic
effect, maximum breaking and switching of Ge — Ge,
S-S, Ge-S, Sb-S, Sb —I chemical bonds are possible
in these binary structural groups. This process is
accompanied by diffusion of atoms. As a result, the
chain ternary SbS,,,I groups, which are characteristic for
SbSI crystals, are formed in the glassy matrix.

4. Conclusion

(GeS1)100(SbSI), (0 < x < 90) glasses have been
obtained under rigid hardening conditions. It was
established that the glasses of these systems have the
nanoheterogenous structure. Their matrix is built only by
binary structural units GeS,, and SbS;, and contains
molecular Sbl; fragments and a small amount of
structural  groups with homopolar bonds. The
restructuring process in glasses, held in them during
annealing, leads to the structural relaxation,
accompanied by breaking and switching of chemical
bonds in these binary structural groups and formation of
SbSI crystalline inclusions.
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Abstract. The structure and structural changes under the isothermal annealing of (GeS2)100–x(SbSI)x (0 ≤ x ≤ 90) glasses were investigated by Raman spectroscopy and 
X-ray diffraction methods. The nanoheterogeneous nature of these glasses structure has been revealed. The matrix of (GeS2)100–x(SbSI)x glasses is basically built just of binary GeS4, SbS3 and SbI3 structural groups and contains a small amount of molecular fragments with homopolar 

[image: image1.wmf]Ge


Ge


-


 and 

[image: image2.wmf]S


S


-


 bonds. The phase structure arising in the glass matrix at crystallization corresponds to the structure of crystalline SbSI.
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1. Introduction 

Obtaining and studying (GeS2)100–x(SbSI)x glasses and their amorphous films are important in view of both fundamental and practical aspects. Due to their high sensitivity, GeS2 non-crystalline materials are potential candidates for being used as optical information storage media, gratings, optical diffraction elements, holographic recording media, etc. [1-5]. Ferroelectric-semiconductor antimony sulphoiodide (SbSI) shows excellent properties [6] and is a promising material for various applications (infrared, piezo- and pyroelectric detectors, actuators, memory, etc. [7 – 9]).


(GeS2)100–x(SbSI)x (0 ≤ x ≤ 90) glasses have been studied with the aim of examining the possibility to obtain some new structures of higher quality in respect of dielectric and optical properties on the basis of materials with amorphous internal network. In view of the fact that the structure and physical properties of non-crystalline materials can be modified in different ways, first of all, by continuous variation of starting components ratio, and then, by modification of the synthesis regime and subsequent thermal, electric and optical treatment, the main aim was to find out the optimal conditions for obtaining composites with desired properties. 

It has been shown that in the matrix of GeS2-SbSI glasses under certain thermal treatment SbSI crystalline inclusions could be obtained [10-12]. There is also a report on fabrication of antimony sulphoiodide crystalline inclusions in the matrix of (GeS2)100–x(SbSI)x glasses under laser beam treatment [13]. In the course of Raman measurements, formation of SbSI crystallites in the As2S3 glass matrix was observed [14, 15].


The influence of obtaining SbSI nanocrystalline inclusions and heat treatment conditions on the structure of As2S3-SbSI glasses was earlier revealed [16-18]. It was shown that, in the matrix of glasses obtained under rigid hardening conditions, SbSI nanocrystalline inclusions were absent [16, 17]. In the course of cooling the melts from lower homogenization temperatures, and, accordingly, at lower cooling rates, the presence of SbSI nanocrystals in the glassy matrix was detected [18]. Similar situation probably occurs also in the GeS2-SbSI system [19]. The features within the range 
115 – 138 cm–1, identified in Raman spectra of annealed glasses containing 50–90 mol% of SbSI, indicate the presence of the nanocrystalline inclusions of antimony sulphoiodide in these materials.


In this paper, we report the studies of the structure of (GeS2)100–x(SbSI)x (0 ≤ x ≤ 90) glasses obtained under rigid hardening conditions and the structural changes that occur in them under the annealing process.


2. Experimental


(GeS2)100–x(SbSI)x (0 ≤ x ≤ 90) glasses were prepared by using the vacuum melting method (~0.01 Pa) of the relevant mixture of GeS2 and SbSI components, preliminary synthesized from the high-purity elemental substances. The weight of samples was chosen depending on the composition of alloys within 3 – 10 g. Glassy GeS2 was obtained by cooling the homogenized melt (for 72 h) from 1100 K in cold water. Polycrystalline SbSI was prepared by cooling the homogenized melt (for 72 h) from 900 K in the turned-off furnace regime. (GeS2)100–x(SbSI)x melts were homogenized at 900–1100 K for 48 h. The melts were periodically stirred. Cooling of these melts also was carried out in cold water. The obtained glasses were not annealed. Amorphous nature of the glasses were verified using the X-ray diffraction analysis (Fig. 1).


The Raman spectra were obtained at T = 293 K with 1 cm–1 resolution by using a DFS-24 spectrophotometer and He-Ne laser (λ = 632.8 nm). The power of laser radiation was set as low as possible to avoid photostructural transformations in the samples at their heating. 
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Fig. 1. X-ray powder diffraction patterns of as-prepared (GeS2)50(SbSI)50 (1) and (GeS2)30(SbSI)70 (2) glasses.

X-ray diffraction studies of glasses, crystallized glasses and polycrystalline SbSI were carried out using 
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 X-ray apparatus. CuKα-radiation (λ = 1.5418 Å) was applied.

3. Results and discussion


In the Raman spectra of (GeS2)100–x(SbSI)x glasses, the broad features typical for amorphous materials are observed. As it is seen from the curve 1 in Fig. 2, the Raman spectrum of GeS2 unannealed glass contains rather intense broad bands at 101, 343, 373 and 441 cm–1 as well as less pronounced features at 200, 255 and 500 cm–1. Earlier, we studied the Raman spectrum of GeS2 glass annealed at Tg – 20 K (Tg – glass transition temperature) [20]. In this case, the feature at 255 cm–1 in the Raman spectrum for this glass was not detected, and the feature at 500 cm–1 is less pronounced. The obtained results are in good agreement with the results of other authors [21–23].


The intense bands at 343, 373 and 441 cm–1 correspond to atom vibrations in Ge(S1/2)4 tetrahedra that form an extensive 3D spatial structural network of GeS2 glass. According to [24-26], the basis of the GeS2 glass matrix is the chains of Ge(S1/2)4 tetrahedra that are bound by vertices and joined (also in vertices) by the bridge tetrahedra. The link between tetrahedra is realized through two coordinated S atoms. Deformation vibrations of Ge(S1/2)4 tetrahedra may cause the band in the range of 200 cm–1. Within the same range of frequencies, the vibrations of Sn fragments [20, 24, 25] are active. The broad band at 100 cm–1 may be associated with the deformation vibrations in fragments of chains of glassy GeS2. 
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Fig. 2. Raman spectra of as-prepared (GeS2)100–x(SbSI)x glasses. x, mol.%: 0 (1), 5 (2), 10 (3), 20 (4), 30 (5), 40 (6), 50 (7), 60 (8), 70 (9), 80 (10), 90 (11).


The weak band at 500 cm–1 (Fig. 2, curve 1) shows the presence of either short chains of sulfur or S – S interconnected bridges between tetrahedra in the GeS2 glass network. The presence of S – S homopolar bonds in the glass matrix suggests the existence of Ge – Ge bonds in it. Accordingly, the weak band in the Raman spectrum at 255 cm–1 may indicate the presence of the ethane-like Ge(S1/2)6 nanophase in the glassy GeS2 matrix [20, 23]. It is confirmed by the results of Raman spectra of glassy Ge2S3 [20] and GexS100–x glasses when x > 33.3 [20, 22]. With increase of the Ge content in GexS100–x glasses, the intensity of the bands at 255 cm–1 goes up significantly [22]. In addition, at 230 cm–1 in the Raman spectra of these glasses, there observed is the feature that relates to the nanophase of distorted salt Ge(S1/6)6 [23]. In the Raman spectrum of glassy Ge2S3, the intensity of these bands is significant. This behavior of Raman spectra of GexS100–x glasses can be explained by the assumption that with increasing concentration of Ge tetrahedra, they behave like “going into” each other. It follows that germanium sulfides up to x ≤ 40 consist mainly of structural units GeS4/2 and Ge2S6/2 (S3Ge-GeS3), connected to the spatial network through divalent sulfur atoms or through short chains of Sn. 

Incorporation of SbSI in GeS2 leads to essential changes in Raman spectra. In the Raman spectrum of (GeS2)95(SbSI)5 glass, in addition to the bands characteristic for GeS2 glass (Fig. 2, curve 1), the weak band at 188 cm–1 and the features at 238 and 300 cm–1 (Fig. 2, curve 2) were revealed. The feature at 300 cm–1 can be attributed to the vibrations of [image: image6.wmf]S
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 bonds in SbS3 pyramids. Meanwhile, the similar bond near 300 cm–1, related to the vibrations of SbS3/2 structural units, was observed in Raman spectra of Sb2S3 thin films [27], glasses of Sb – S and Sb2S3-SbSI3 systems [20, 28, 29] and in the infrared absorption spectra of glassy SbSI [30]. The bands at 238 and 254 cm–1 (present in the spectrum of GeS2 glass) according to [20] are referred to homopolar Ge – Ge bonds. The appearance of the band at 300 cm–1  indicates that in the structural network, built mainly by GeS4/2 tetrahedra, SbS3/2 structural groups are formed. The bond between them is realized through the sulfur atoms.


The band at 188 cm–1 indicates to the presence of structural SbI3 groups in the glass matrix. Significant increase of this band intensity and its shift in the short-wave region of the spectrum with increasing SbSI content in glasses of the GeS2-SbSI system (Fig. 2, curves 2–11) proves in favor of this assumption. The maximum of this band for (GeS2)10(SbSI)90 glass is localized at 163 cm–1 (Fig. 2, curve 11). The similar Raman features related to the vibrations of SbI3 structural units were reported for the glasses of Sb2S3-SbI3 [29], Sb2S3-AsSI [30] and As2S3-SbSI [14-17] systems. Also, the sharp band at 157 cm–1 in the Raman spectrum of polycrystalline SbI3 is observed [16]. The Raman spectra of (GeS2)100–x(SbSI)x glasses do not show any evidence for the presence of GeI4 molecular groups in their matrix. According to [31], the intense band at 148 cm–1 in the Raman spectra of GexSyIz glasses corresponds to the vibrations of Ge and I atoms in GeI4 structural groups.


With the increase of antimony sulphoiodide concentration in the composition of (GeS2)100–x(SbSI)x glasses, the intensity of high-frequency bands (( > 340 cm–1) appropriately decreases and the intensity of bands at 300 cm–1 grows. Simultaneously, they shift in the low-frequency spectrum range. The bands at 230–260 cm–1 almost disappear. It indicates the absence of the structural units of GeS3–xIx – SbSI3/2 and GeS4–xIx (1 ≤ x ≤ 4) in the matrix of (GeS2)100–x(SbSI)x glasses. The possibility of formation of these units in the glasses of this system was indicated in [19]. 


With the growth of SbSI content in the composition of glasses, there is a gradual transition from the structure based on GeS4/2 tetrahedral units to the structure based on SbS3/2 pyramids. The bond between structural groups is specified through the sulfur atoms. The increase of the number of mixed (GeS4/2-SbS3/2) structural units in the matrix of glasses of the GeS2-SbSI system leads to the shift of the main band in the Raman spectra into the low frequency region. For example, for (GeS2)10(SbSI)90 glass, the maximum of the high-frequency band is observed at 315 cm–1 (Fig. 2, curve 11). At the same time, there is an association process of structural SbI3 groups. Smearing of main bands in Raman spectra of glasses with a high content of antimony sulphoiodide confirms a significant structural disorder in the glasses network. The features that could indicate the existence of the chain ternary structural SbS2/2I units building crystalline SbSI [6, 32] in the glassy matrix were not observed in Raman spectra of (GeS2)100–x(SbSI)x glasses. 


As a result of Raman spectroscopy studies, it was concluded that the (GeS2)100–x(SbSI)x glasses have the nanoheterogeneous structure. The matrix of these glasses is basically built just of binary GeS4, SbS3 and SbI3 structural groups and also contains small amounts of molecular fragments with homopolar Ge – Ge and S – S bonds.


The obtained data are different from the results of the structure studies for (GeS2)100–x(SbSI)x (50 ≤ x ≤ 90) glasses given in [19]. In Raman spectra of the glasses presented in this work, there are intense bands at 115, 138, 165 and 315 cm–1 and a less pronounced band at 290 cm–1  (for glasses with x = 50, 60, 70). The similar bands (107–110 and 138–140 cm–1) are observed in the Raman spectra of the bulk crystal [33, 34] and polycrystalline SbSI (Fig. 3, curve 1), also in the crystallized glasses of As2S3-SbSI, As2Se3-SbSI and Sb2S3-AsSI systems [16-18, 30, 35]. This fact may testify the presence of nanocrystalline SbSI inclusions in the matrix of (GeS2)100–x(SbSI)x glasses which were obtained by the authors [19]. 

The difference between the Raman spectra results presented in [19] and those presented in this work is due to the differences in sample preparation techniques for the measurement. In [19], the glasses of the GeS2-SbSI system, obtained by cooling the melts in cold water from T = 793 K and annealed for 2 h at T = 413 K, were studied. In our studies, unannealed glasses derived by cooling the melts in cold water from the homogenization temperatures (900–1100 K) were used. In the course of cooling the melts from lower temperatures, and, accordingly, at lower cooling rates, it was not possible to completely suppress the processes of nucleation and crystal growth. Furthermore, it can point out that SbSI crystal inclusions could be formed in the glass matrix at the annealing process of glasses. 


Earlier [36], (GeS2)100–x(SbSI)x glasses were investigated by differential thermal analysis (DTA). DTA curves were taken at the heating rate of 6 K/min. On DTA curves for glasses with x > 50, two exothermic effects were detected, and the intensity of the first one was much smaller than of the other. For example, for (GeS2)20(SbSI)80 glass, the temperatures maxima of these effects are 400 and 509 K, respectively. In addition, it was found that the maximum temperature of the first effect of crystallization of (GeS2)100–x(SbSI)x glasses (50 ≤ x ≤ 90) weakly depends on the composition, and it is within 395–405 K. At these temperatures, crystalline inclusions of antimony sulphoiodide are formed in the glasses. The investigation results of (GeS2)10(SbSI)90 glass, annealed at 413 K for 1 h, using Raman spectroscopy and X-ray diffraction, confirm this conclusion [12, 36]. 
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Fig. 3. Fragments of X-ray powder diffraction patterns of polycrystalline SbSI (1) and annealed at T = 403 K for 2 h (GeS2)30(SbSI)70 (2) and (GeS2)50(SbSI)50 (3) glasses.


Here, we present the data studies of the annealing effect on the structure of (GeS2)100–x(SbSI)x glasses with the content of antimony sulphoiodide 50 and 70 mol.%. On X-ray powder diffraction patterns there are reflexes (Fig. 3, curves 2, 3) for the glasses of referred compositions after annealing at 403 K for 2 h, indicating the presence of crystalline phases. In the same figure, a fragment of the diffraction pattern of polycrystalline SbSI (Fig. 3, curve 1) is given.

It is seen that they have weak reflexes, positions of which satisfactorily coincide with the positions of intense lines in the diffraction pattern of polycrystalline SbSI. This is the evidence that the phase structure arising in the (GeS2)100–x(SbSI)x glass matrix during their crystallization conforms the structure of crystalline antimony sulphoiodide.


The same conclusion follows from the results of the Raman spectra research of these glasses. Presented in Fig. 4 (curves 2, 3) are the Raman spectra of (GeS2)50(SbSI)50 and (GeS2)30(SbSI)70 glasses crystallized at 403 K for 2 h. In the same figure, the Raman spectrum of polycrystalline SbSI (Fig. 4, curve 1) is given. Raman spectra of crystallized glasses have sharp bands at 109–110, 139–140 and 
319–320 cm–1 and weak features at 166–169, 208–210, 255–257 cm–1. The similar bands are observed in the Raman spectra of mono- [33, 34], poly- (Fig. 4, curve 1) and nano- [37, 38] crystalline SbSI. 
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Fig. 4. Raman spectra of polycrystalline SbSI (1) and annealed at T = 403 K for 2 h (GeS2)30(SbSI)70 (2) and GeS2)50(SbSI)50 (3) glasses.


It was shown above that the glasses of the GeS2-SbSI system have the nanoheterogenous structure. Their matrix is built only by binary structural units GeS4/2 and SbS3/2 and contains SbI3 molecules or is associated on their basis. Also, there are structural fragments with homopolar bonds Ge – Ge and S – S in the matrix of glasses. During the heating process of (GeS2)100–x(SbSI)x glasses up to the temperatures of the 1-st exothermic effect, maximum breaking and switching of Ge – Ge, 
S – S, Ge – S, Sb – S, Sb – I chemical bonds are possible in these binary structural groups. This process is accompanied by diffusion of atoms. As a result, the chain ternary SbS2/2I groups, which are characteristic for SbSI crystals, are formed in the glassy matrix.


4. Conclusion 


(GeS2)100–x(SbSI)x (0 ≤ х ≤ 90) glasses have been obtained under rigid hardening conditions. It was established that the glasses of these systems have the nanoheterogenous structure. Their matrix is built only by binary structural units GeS4/2 and SbS3/2 and contains molecular SbI3 fragments and a small amount of structural groups with homopolar bonds. The restructuring process in glasses, held in them during annealing, leads to the structural relaxation, accompanied by breaking and switching of chemical bonds in these binary structural groups and formation of SbSI crystalline inclusions. 
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