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a b s t r a c t

New oxy-sulfo-telluride glasses have been prepared in the Ge–Sb–Te–S–O system employing a two-

step melting process which involves the processing of a chalcogenide glass (ChG) and subsequent

melting with TeO2 or Sb2O3. The progressive incorporation of O at the expense of S was found to

increase the density and the glass transition temperature and to decrease the molar volume of the

investigated oxy-sulfo-telluride glasses. We also observed a shift of the vis–NIR cut-off wavelength to

longer wavelength probably due to changes in Sb coordination within the glass matrix and overall

matrix polarizability. Using Raman spectroscopy, correlations have been shown between the formation

of Ge- and Sb-based oxysulfide structural units and the S/O ratio. Lastly, two glasses with similar

composition (Ge20Sb6S64Te3O7) processed by melting the Ge23Sb7S70 glass with TeO2 or the

Ge23Sb2S72Te4 glass with Sb2O3 were found to have slightly different physical, thermal, optical and

structural properties. These changes are thought to result mainly from the higher moisture content and

sensitivity of the TeO2 starting materials as compared to that of the Sb2O3.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

There is growing interest in families of specialty glasses
incorporating fluorine, chalcogenide (ChG) and heavy metal oxide
(HMO) components. Such glasses are attractive due to their mid-
infrared (MIR) and (for non-oxides) long wave infrared (LWIR)
transparency, low phonon energies and high refractive indices as
compared to SiO2 [1,2]. Chalcogenide glasses (ChGs) have been
studied extensively over the past 50 years and have grown in use
despite their limited thermal and mechanical stability. These
limitations can be attributed to weaker bond strengths between
the constituent atoms that result in lower glass transition
temperatures; the lower Tg comes with the trade-off of good IR
transmission that results from the glasses’ large constituent ions
and molar mass [3]. ChGs continue to see expanded use in
infrared telecommunication applications and integrated optics
[4–6] as these glasses are known to possess adequate chemical
and mechanical durability for these applications and possess wide
glass-forming regions and extended infrared transparency versus
HMOs. For example, the As2S3 glass transmits up to 12 mm [7],
while additions of halide can reach wavelengths near 20 mm.
These glasses (can) exhibit large linear and non-linear optical
properties, which influence their use in high power applications,
ll rights reserved.
and without purification, multicomponent ChGs can exhibit large
intrinsic MIR losses due to hydride and oxide impurities [8,9].
Additionally, ChGs can be mechanically soft and sensitive to band
gap light exposure which can often limit their applications
[10,11].

For the past five years, we have studied the processing and
characterization of new Ge-based chalcogenide glasses [12–15].
In order to enhance the mechanical properties of these new
glasses and reduce their chalcogen-induced photo-sensitivity, we
have investigated the impact of partial replacement of sulfur
atoms in the ChG network by oxygen atoms. The motivation for
such replacement is to selectively incorporate the robust
mechanical properties of oxide materials with the attractive
optical traits of sulfide glasses, by adjusting the chalcogen to
oxygen ratio. The early work by Zhou et al. [16] suggested that
oxysulfide glasses possess good chemical durability combined
with high optical nonlinearity as compared to pure sulfides,
indicating that the partial incorporation of oxygen-containing
bonds can enhance the overall bond strength of the mixed (group
VI-containing) oxysulfide glasses.

A key challenge in the effective preparation and use of
chalcogenide and oxy-chalcogenide glasses is the reliance on
preparation routes requiring heat treatments in closed systems.
Such closed systems are necessary to contain the high vapor
pressure produced by constituents such as sulfur, during the
melting. Kim et al. [17] showed that germanium oxysulfide
glasses, with the compositions (1�x)GeS2�xGeO2 for 0oxo1,
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can be prepared by rapidly quenching melts sealed in silica tubes
to room temperature. However, these oxysulfide glasses are
thought to be heterogeneous over a nano-scale due to phase
separation phenomenon [18].

We previously demonstrated that a sulfination heat treatment
of GeO2 powder can lead to the formation of germanium
oxysulfide powder, which can be formed into a target and
deposited into amorphous GeS2–GeO2 films using an RF sputter-
ing technique [13]. We have also investigated an alternative
technique to process oxysulfide glasses using a two-step process
which involves the melting of a chalcogenide glass with an oxide
powder [14]. We showed that the melt of a sulfide-based glass
with GeO2 or Sb2O3 can lead to the formation of an oxysulfide
glass with controlled S/O ratio where both O and S are fully
integrated in the glass network. More recently, we successfully
demonstrated the processing of active oxysulfide glasses through
the melting of a chalcogenide glass with Er2O3 and Sb2O3 and also
by melting an Er3 + doped chalcogenide glass with Sb2O3 [15]. This
resulted in active glasses with the same composition, processed
using different chalcogenide matrix/oxide powder systems, which
exhibited slightly different emission spectra due to slightly
different local rare earth environment associated with the
chalcogenide matrix/oxide powder systems.

Following on this result, we have expanded this investigation
towards the processing of new oxy-chalcogenide glasses
through the melting of various chalcogenide matrix/oxide powder
systems to verify the impact of the starting materials on the
physical, thermal, optical and structural properties of the
resulting oxy-chalcogenide glass. This paper discusses our most
recent findings on the processing and characterization of new ChG
glasses prepared with small levels of Te, melted either with TeO2

or Sb2O3 powders. These new glasses have been labeled oxy-
sulfo-telluride glasses. First, we present the processing of these
new germanium-based oxy-sulfo-telluride glasses prepared from
the melting of (a) a Ge23Sb7S70 glass with TeO2 and (b) a
Ge23Sb7S65Te5 glass with Sb2O3. The structural changes induced
by the addition of oxygen have been systematically investigated
as a function of O/S ratio using Raman spectroscopy and have
been correlated to the physical, thermal and optical properties of
the investigated glass. Lastly, we compare the properties listed
above for two oxy-sulfo-telluride glasses processed with similar
composition (Ge20Sb6S64Te3O7) by melting the Ge23Sb7S70 glass
with TeO2 or the Ge23Sb2S72Te4 glass with Sb2O3 to ascertain the
role of the glass starting materials on the resulting material
properties.
2. Experimental

Bulk germanium oxy-sulfo-telluride glasses were prepared
with different O/S ratios using a two-step melting process in order
to determine the maximum concentration of oxygen that can be
incorporated without crystallization or phase separation. The first
step consisted of the processing of the sulfo-telluride glass which
was subsequently melted with Sb2O3 or TeO2 powder.

Chalcogenide bulk glasses in the system Ge–Sb–S–Te were
prepared in 15 g batches using high purity elements (Ge and Te:
Alfa Aesar 99.999% and Sb and S: Sigma Aldrich 99.998%). Starting
materials were weighed and batched into quartz ampoules inside
a nitrogen-purged glove box and sealed under vacuum using a
methane–oxygen torch. Prior to sealing and melting, the ampoule
and batch were pre-heated at 100 1C for 4 h to remove potential
surface moisture from the quartz ampoule and the batch raw
materials. The ampoule was then sealed and heated for 24 h at
900–925 1C, depending on the glass composition. A rocking
furnace was used to rock the ampoule to increase the
homogeneity of the melt. Once homogenized, the melt-containing
ampoule was air-quenched to room temperature. To avoid
fracture of the tube and glass ingot, the ampoules were
subsequently returned to the furnace for annealing for 15 h at
40 1C below the glass transition temperature (Tg) of the investi-
gated glasses.

The oxy-sulfo-telluride glasses with compositions (a)
(1�x)Ge23Sb7S70�xTe33O67 with x¼0, 0.038, 0.10 and 0.15 and
(b) (1�y)Ge23Sb2S72Te4�ySb40O60 with y¼0, 0.085, 0.15 and 0.2,
were prepared by melting in vacuum 3 g of the ChG glass with
TeO2 (Alfa Aesar, 99%) or Sb2O3 (Aldrich, 99%) in covered graphite
crucibles within a quartz ampoule. The graphite crucible was
used as a barrier between the melt and the ampoule to prevent
a reaction between the silica tube and the oxide powder and the
typical sticking to quartz that is observed for oxide-containing
glasses. Note that for the calculation of the resulting oxy-sulfo-
telluride atomic concentration, TeO2 is expressed in molar
fraction as Te33O67 and Sb2O3 as Sb40O60.

Prior to melting, the ampoule was sealed under vacuum. The
melting temperature of 925 1C was reached with a 2.5 1C/min
heating ramp without rocking the furnace due to containment of
the melt within the graphite crucible. After melting, the glass was
quenched in air and the oxy-sulfo-telluride glasses were removed
from the graphite crucible and annealed in air at 40 1C below the
glass transition temperature of the glass for 15 h. The oxy-sulfo-
telluride glasses (OChGs) were stored in a dry nitrogen environ-
ment within a glove box prior to use. The ChG and OChG samples
were then cut, optically polished and inspected visually.

The polished sulfo-telluride and oxy-sulfo-telluride glasses
were analyzed for composition using an energy-dispersive
spectroscopy (EDS) system coupled to a scanning electron
microscope (SEM). Some carbon particulate contamination was
observed in the resulting glass specimens via SEM (and confirmed
with EDS). This particulate is undoubtedly from the melt’s contact
with the graphite crucible.

The glass transition temperature (Tg) was measured using a
model 2940 differential scanning calorimeter (DSC) from TA
Instruments (TA Instruments Corp. http://www.tainstruments.
com) at a heating rate of 10 1C/min over a temperature range of
40–450 1C. The measurements were carried out in a hermetically
sealed aluminum pan. The glass transition temperature was taken
at the inflection point of the endotherm, as obtained by taking the
first derivative of the DSC curve. Tg was determined with an
accuracy of 72 1C.

The density of the glasses was measured by the Archimedes’
principle using diethyl phthalate as the immersion liquid, with an
accuracy of 70.02 g/cm3. The molar volume of the glasses was
determined by dividing the molecular weight of the glass by its
density.

The visible–near infrared (vis–NIR) and infrared absorption
spectra were measured at room temperature using a Perkin
Elmer Lambda 900 UV/vis/NIR spectrometer and a Magna-IR
560 spectrometer from Nicolet, respectively. For all measure-
ments, the samples were optically polished to a thickness of
1–3 mm.

The structural analysis of the glasses was carried out using
Raman spectroscopy on a LabRam HR system. This system has a
typical resolution of about 1 cm�1 at room temperature and uses
a backscattering geometry. The system consists of a holographic
notch filter for Rayleigh rejection, a confocal microscope equipped
with a 100� objective and a CCD detector. A 785 nm NIR
semiconductor laser was used for excitation with an incident
power of around 10 mW. Since our excitation wavelength falls in
the absorption region for some of the compositions studied here,
the laser power was adjusted so that no photo-structural damage
was induced in the glass during the Raman measurements.

http://www.tainstruments.com
http://www.tainstruments.com
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3. Results and discussion

The aim of this study was to investigate the processing and
characterization of new germanium-based oxy-sulfo-telluride
glasses which have been prepared by melting ChG glasses with
TeO2 or Sb2O3 powders. Raman spectroscopy has been employed
to track and evaluate structural modifications caused by the
systematic replacement of S by O through the use of various
starting materials. We interpret the evolution of Raman spectral
features, which are indicative of local bonding in the glass
network, to understand the correlations between the glass’
structural characteristics and the corresponding physical, thermal
and optical properties of such glasses. Finally, we compare the
specific properties of two oxy-sulfo-telluride glasses with similar
composition processed using two different ChG matrix/oxide
powder systems.
3.1. Processing and characterization of oxy-sulfo-telluride glasses

using TeO2

Oxysulfide glasses have been obtained by incorporating TeO2

in the Ge23Sb7S70 glass network. No apparent crystallization or
phase separation was observed in the glasses with the incorpora-
tion of TeO2 up to x¼0.15 as determined via visual inspection of
the glasses. Table 1 gives the nominal glass compositions and
those obtained from the EDS analysis (neglecting the small level
of carbon contamination from the graphite crucible), the density,
the molar volume and the glass transition temperature of the
investigated glasses. The introduction of TeO2 in the sulfide
network leads to an increase of the density and a decrease of the
glass transition temperature, Tg. These variations are due, not only
to the partial replacement of sulfur by oxygen but also to the
incorporation of the Te content.

In order to separate the contribution of the S/O ratio change
from that of the Te addition, glasses have been prepared such that
the ratio between the cations for the sulfo-telluride glasses is the
same as the ratio between the cations for the oxy-sulfo-telluride
glasses. The physical and thermal properties of these glasses are
also listed in Table 1. One can notice that the density of the sulfo-
telluride glasses increases and Tg decreases as the Te content
increases up to 5 at% at the expense of the Ge content which
decreases from 23 to 20 at%. These variations in the physical and
thermal properties of the glass can be mainly related to the
atomic radius of Ge which is smaller than that of Te. Changing the
composition by increasing the Te content at the expense of the Ge
content results in an increase of the glass density and in the
formation of weaker bonds than those formed with S, thus
decreasing the Tg. The small decrease of the molar volume with
the incorporation of 1 at% of Te can be related to the decrease of
the Ge content from 23 to 21 at% which (slightly) decreases the
Table 1
Nominal and analyzed composition, density, molar volume and glass transition temper

system (1�x)Ge23Sb7S70+xTe33O67.

Glass (Batch composition) Composition measured

by EDS (72%)

Dens

70.0

(1�x)Ge23Sb7S70�xTe33O67

x¼0 Ge23Sb7S70 Ge23Sb7S70 2.94

x¼0.038 Ge21Sb7S68Te1O3 Ge22Sb6S53Te1O5 3.04

x¼0.10 Ge20Sb6S63Te3O7 Ge21Sb7S59Te4O9 3.15

x¼0.15 Ge20Sb6S59Te5O10 Ge20Sb6S57Te5O11 3.19

Corresponding sulfo-telluride glasses

Ge21Sb7S71Te1 3.03

Ge20Sb6S69Te5 3.10
extent of cross-linking of the structure. This change would also
lead to a reduction in the molar volume as suggested by [19].
However, as the concentration of Te increases from 1 to 5 at%, the
molar volume of the glass increases due to the much larger mass
and atomic radius of the Te atoms compared to the Ge atoms in
agreement with [20].

The influence of chalcogen substitution is also illustrated in the
physical property data in Table 1. When sulfur is replaced by
oxygen, the density and Tg increase and the molar volume
decreases. These variations in the physical and thermal properties
with the progressive incorporation of oxygen, which has a smaller
mass and atomic radius than S, can be related to a change of the
network organization. Oxygen is expected to form stronger glass
network bonds leading to an increase of the Tg, while its smaller
ionic radius would contribute to the observed decrease in the
molar volume.

The absorption spectra of the oxy-sulfo-telluride glasses
are shown in Fig. 1a. The absorption edge shifts to larger
wavelengths when TeO2 is introduced in the Ge23Sb7S70

network. Shown in Fig. 1b are the absorption spectra of the
sulfo-telluride and oxy-sulfo-telluride glasses with similar cation
ratios. Clearly, the spectra show that Te is not the only contributor
to the red shift of the absorption band gap but also the
replacement of S by O plays a role. The red shift induced by the
replacement of S by O is in disagreement with our previous
studies [13–15] and is believed to be related to a change in the
coordination number of some of the Sb cations when oxygen is
introduced in the glass network [21]. The transmission spectra of
some of the ChG and OChG glasses are depicted in Fig. 1c. One can
notice that the introduction of Te in the sulfide network increases
the long wave cut off to longer wavelength whereas the
replacement of sulfur by oxygen decreases it. As the samples do
not have the same absorption (which is a function of the glass
thickness), it is not possible to compare the transmission % of the
glass as a function of the replacement of sulfur by Te or O.
However, we expect the transmission of the Te-containing glasses
to be lower than that of S-containing glasses and even lower than
that of O-containing glasses in agreement with [22]. Several
absorption bands associated with impurities in the glass matrix
can also be seen in the spectra for these glasses where no special
effort at raw material purification prior to the melting has been
made.

In order to compare the level of impurities, the infrared
absorption spectra of the glasses were measured. The spectra of
the oxy-sulfo-telluride glasses are shown in Fig. 2. The spectra
exhibit weak bands near the 1270–1315 cm�1 range and at 1500,
2000, 2330, 2500, 3246, 3500 and 3737 cm�1. In agreement with
[23], the bands near the 1270–1315 cm�1 range can be related to
S–O groups, the band near 3246 cm�1 corresponds to the stretch
modes of OH hydroxyl groups and the band near the 3737 cm�1

to the vibrational bands of the hydroxyl containing groups and
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molecular water. The band near 1500 and 3500 cm�1 correspond
to H2O molecular-adsorbed IR vibrational bands, and the bands at
2330 and 2500 cm�1 are attributed to molecular H2S and S–H
complexes, respectively. The band at �2000 cm�1 can be related
to C–O–S carbon containing groups [23]. When oxygen is
introduced in the glass network by adding TeO2, the amplitude
of all the bands at 1295, 1320, 1500, 2330, 2500, 3246, 3500 and
3737 cm�1increases dramatically indicating an increase of the S–
O, H2S, S–H, OH impurities content, respectively. It is interesting
to point out that the absorption edge shifts to larger wavenumber
when sulfur is replaced by oxygen, confirming the incorporation
of oxygen into the sulfo-telluride network.

The normalized Raman spectra of the investigated sulfo-
telluride and oxy-sulfo-telluride glasses are presented in Fig. 3a,
b and c. The spectra exhibit a broad feature with a maximum near
340 cm�1, which is formed by the overlap of multiple Raman
vibrations and smaller bands near 475 cm�1 as explained in [24].
The shoulder near 300 cm�1 has been assigned to the E modes of
SbS3/2 pyramids. In agreement with [25–28], the bands at 330 and
the shoulder at 400 cm�1 have been assigned to the A1 and T2

modes of corner sharing GeS4/2 groups with a smaller
contribution of the E mode of the SbS3/2 pyramids. The
shoulders at 340, 375 and 420 cm�1 have been attributed,
respectively, to A1 mode of the GeS4 molecular units, to the T2

mode of edge-sharing Ge2S4S2/2 tetrahedra and to the vibration of
two tetrahedra connected through a bridging sulfur S3Ge–S–GeS3.
At higher wavenumbers, the band at �475 cm�1 can be
attributed to the S8 (A1) ring vibration mode and at 485 cm�1

to vibration mode of S (A1) chain [28].
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When TeO2 or Te is introduced into the sulfo-telluride glass
network (Fig. 3a and b), the amplitude of the band at 475 cm�1

decreases compared to that of the main band, revealing a decrease
of the S–S homopolar bonds in agreement with the decrease of the
S content. Also, a new band at �180 cm�1 develops, which, in
agreement with [29–31], can be related to the formation of Ge–Te
in edge-sharing GeTe4 tetrahedra and Sb–Te bonds in Sb2Te3

units. One can notice in Fig. 3b that the main band shifts to higher
wavelength when Te is added in the network. In agreement with
[13,14], this might indicate the changes in the interconnectivity of
the GeS4 tetrahedra associated with a decrease of the GeS4/2 units
in the glass network. This is probably due to variations in the
sulfur content and to the formation of new Ge–Te bonds
confirming the incorporation of Te in the glass network.

In order to understand the real effect of S replacement by O
without the contribution of the Te content increase, the Raman
spectra of the ChG and OChG glasses with the same ratio between
the cations are compared in Fig. 3c. The replacement of sulfur by
oxygen leads to an increase of the shoulder in the 350–450 cm�1

range and at �300 cm�1, a decrease of the band at 475 cm�1, and
also a small shift to lower wavenumber of the band at �180
cm�1. A small (but significant) shift of the main band to lower
wavenumber was also observed. The main band was fitted as
performed elsewhere [13–15] but could not be obtained by
simple summation of GeS2 vibrational features to the oxide
spectra. The addition of a new band between 360 and 400 cm�1,
different from GeO4 or GeS4 tetrahedral sites, was necessary to
correctly simulate the spectrum. We observed that the intensity
of this band increases with an increase of O content. In agreement
with [13,14], this band can be attributed to the presence of edge-
sharing GeS4/2 tetrahedra (shoulder at ca. 375 cm�1) which in the
presence of oxygen, can transform to form mixed oxysulfide
tetrahedral units such as GeO3S, GeO2S2 or GeOS3.

In summary, the analysis of the IR and Raman spectra clearly
shows that introduction of TeO2 in the Ge–Sb–S glass induces (i)
changes in the interconnectivity of GeS4 tetrahedra due to
variations in the sulfur content, (ii) formation of new Ge–Te and
Sb–Te bonds and (iii) formation of new oxysulfide units such as
GeOS3, GeO2S2 or GeO3S. These structural changes are consistent
with the increase of the density and Tg and also with the decrease
of the molar volume (Table 1) in the glasses.
3.2. Processing and characterization of oxy-sulfo-telluride glasses

using Sb2O3

We have previously demonstrated the successful processing of
OChG using Sb2O3 powder [14,15]. In order to prepare new oxy-
sulfo-telluride glasses using Sb2O3, the glass with the composition
Ge23Sb7S65Te5 was re-melted with varying levels of Sb2O3. No
phase separation or crystallization was observed in the oxy-sulfo-
telluride glasses with the incorporation of Sb2O3 up to y¼0.2 as
determined via visual inspection of the glasses. Table 2 illustrates
the nominal glass compositions and those obtained from the EDS
analysis (without considering carbon contamination from the
graphite crucible), the density, Tg and molar volume of the new



Table 2
Nominal and analyzed composition, density, molar volume and glass transition temperature (Tg) of the investigated sulfo-telluride and oxy-sulfo-telluride glasses in the

system (1�y)Ge23Sb7S65Te5+ySb40O60.

Glass (Batch composition) Composition measured

by EDS (72%)

Density (g/cm3)

70.02 g/cm3

Molar volume (cm3/mol)

70.09 cm3/mol

Tg (1C) 72 1C

(1�y)Ge23Sb7S65Te5�ySb40O60

Ge23Sb7S65Te5 Ge23Sb8S64Te5 3.19 16.44 297

y¼0.085 Ge21Sb10S59Te5O5 Ge19Sb10S56Te4O10 3.37 15.88 309

y¼0.15 Ge20Sb12S55Te4O9 Ge19Sb12S52Te4O13 3.38 15.77 297

y¼0.20 Ge18Sb14S52Te4O12 Ge18Sb14S50Te3O15 3.48 15.46 276

Corresponding sulfo-telluride glasses

Ge21Sb10S64Te5 3.31 16.41 285

Ge18Sb14S64Te4 3.40 16.39 265
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Fig. 4. Absorption spectra of the OChG in the system (1�y)Ge23Sb7S65Te5+ySb40O60 (a) and of the ChG and OChG with the same ratio between the cations (b).
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oxide-containing chalcogenide glass (OChG). As summarized in
Table 2, the glass density increases while the molar volume and
the Tg decrease when the concentration of Sb2O3 increases from
x¼0.085 to 0.20.

As described earlier, both sulfo-telluride glasses and oxy-sulfo-
telluride glasses were prepared with the same ratio of cations to
allow the separation of the contribution of the S/O ratio change, to
that of the Sb-content increase. Since the atomic radii of Ge and Sb
are close to each other and the atomic mass of Ge is much smaller
than that of Sb atom, changing the composition of the glass by
increasing the Sb content at the expense of Ge results in an
increase of the density, a decrease of Tg but has no significant
effect on the molar volume as seen in Table 2.

For a similar Sb/Ge ratio, the progressive replacement of sulfur
with oxygen leads to an increase in the density and the glass
transition temperature and a decrease in the molar volume. This
again, confirms the incorporation of oxygen into the glass
network and the same interpretation as discussed in the previous
paragraph.

The absorption spectra of the oxy-sulfo-telluride glasses are
exhibited in Fig. 4a and b. It is clearly shown that Sb is not the
only contributor to the red shift of the optical band gap but also
the replacement of S by O. As explained in the previous paragraph,
this may be related to the change in coordination of the Sb
between Sb3 + and Sb5 +. It can be envisioned that partial
substitution of oxygen can locally modify the Sb valence state,
creating a mixture of valence species in the glass network [21].

The IR absorption spectra of the glasses are shown in Fig. 5. The
spectra exhibit the same bands than those seen in Fig. 2, which
have been attributed to the presence of S–H, OH and H2O
contamination in the glass network. The same shift to larger
wavenumber of the IR absorption edge can be observed in Fig. 5
with an increase of Sb2O3 content confirming the incorporation of
oxygen in the glass network.

The Raman spectra of the investigated glasses are shown in
Fig. 6a, b and c. The spectra exhibit the same bands seen in Fig. 3a
and b. With the progressive incorporation of Sb2O3 or Sb in the
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sulfo-telluride network (Fig. 6a and b), the main band becomes
broader and shifts to lower wavenumber, the intensity of the
bands in the 450–550 cm�1 range decreases and the amplitude of
the shoulder at 300 cm�1 increases. These variations in the
Raman spectra reveal an increase of the SbS3 units and
consequently changes in the interconnectivity of the GeS4

tetrahedra: a decrease of the GeS4/2 units and of the Ge–S–Ge
bonds in the glass network when the concentration of Sb2O3 or Sb
increases.

In Fig. 6c are the Raman spectra of ChG and OChG glasses with
the same ratio between the cations. The replacement of sulfur by
oxygen leads to an increase in the intensity of the shoulder at
�300 cm�1 and of the band at 180 cm�1. The main band also
shifts to lower wavenumber. As performed for the previous glass
family, the main band was fitted but could not be obtained by
simple summation of GeS2 vibrational features to the oxide
spectra. The addition of a new band between 360 and 400 cm�1,
different from GeO4 or GeS4 tetrahedral sites, and a band at
�320 cm�1, different from SbO3 and SbS3 units, were necessary
to correctly simulate the spectrum. We observed that the
intensity of the band in the 360–400 cm�1 range increases with
an increase of O content while the amplitude of the band at
320 cm�1 increases not only with an increase of O content but
also with an increase of Sb content. As explained in the previous
paragraph, the band in the 360–400 cm�1 range can be attributed
to the presence of changes to the formation of edge-sharing GeS4/2

tetrahedra (shoulder at ca. 375 cm�1) and/or mixed oxysulfide
tetrahedral units GeO3S, GeO2S2 or GeOS3 whereas the contribu-
tion at 320 cm�1 in the Raman spectra might be related to
the formation of species such as SbO2S or SbOS2 units as
suggested in [15].

In summary, the analysis of the IR and Raman spectra shows
that introduction of Sb2O3 in the sulfo-telluride glass also induces
changes in the interconnectivity of GeS4 tetrahedra due to
variations in the S and Sb content, probably leading to the
formation of new oxysulfide units such as GeOS3, GeO2S2 or
GeO3S and probably SbO2S or SbOS2 units in glasses. These
structural changes are consistent with the increase of the density
and Tg and also with the decrease of the molar volume (Table 2).
3.3. Comparison of the physical, thermal, optical and structural

properties of OChG prepared using TeO2 and Sb2O3

Oxysulfide glasses with the composition Ge20Sb6S64Te3O7

were prepared by melting in vacuum 3 g of the Ge23Sb7S70 glass
with TeO2 and by melting 3 g of the Ge23Sb2S72Te4 glass with
Sb2O3 using the same experimental procedure described in the
experimental section. The purpose of carrying out this experiment
was to evaluate the resulting glass properties as a function of
starting material quality. The composition of the two oxysulfide
glasses was checked using an energy-dispersive spectroscopy
(EDS) system coupled to a scanning electron microscope (SEM).



Table 3
Nominal and analyzed composition, density, molar volume and glass transition temperature (Tg) of the two glasses with the composition Ge20Sb6S64Te3O7.

Materials used to process the glass with the

composition Ge20Sb6S64Te3O7

Density (g/cm3)

70.02 g/cm3

Molar volume (cm3/mol)

70.09 cm3/mol

Tg (1C) 72 1C

Ge23Sb7S70 glass melted with TeO2 3.15 15.01 304

Ge23Sb2S72Te4 glass melted with Sb2O3 3.10 15.25 316
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Fig. 7. IR (a) and Raman (b) spectra of two OChG’s with the composition Ge20Sb6S64Te3O7 prepared using TeO2 and Sb2O3.
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The glasses were found to have similar composition within the
accuracy of the measurement.

Table 3 lists the density, Tg and molar volume of the two new
glasses. One can see that while the new glasses have similar
composition, the glasses possess slightly different physical and
thermal properties. The oxy-sulfo-telluride glass prepared using
TeO2 has a slightly higher density, lower molar volume and Tg

than the glass prepared with Sb2O3. As seen in Fig. 7a, the infrared
absorption spectra of both glasses exhibit absorption bands
related to –S–O–, S–H complexes, molecular H2S and H2O. As
the intensity of these bands is larger in the spectrum of the glass
prepared using TeO2 as compared to the glass processed with
Sb2O3, it is possible to think that the tellurium oxide powder is
more hygroscopic than the antimony oxide powder. The Raman
spectra of the glasses are exhibited in Fig. 7b. The position of the
main band of the glass prepared with Sb2O3 is slightly shifted to
longer wavenumber compared to that of the glass processed with
TeO2, indicating that the glasses with similar composition have
slightly different structure as suspected from their different
physical, thermal and optical properties probably. This
preliminary result shows that the choice of the oxide-based
powder might influence the physical, thermal, optical and
structural properties of the resulting oxy-sulfo-telluride glass as
suggested in [15]. New glasses with different O/S ratio should be
processed using TeO2 and Sb2O3 to complement the study and
confirm the effect of the oxide-based powder on the physical,
thermal, optical and structural properties of the oxy-sulfo-
telluride glass.
4. Conclusions

In this paper, we have demonstrated that new oxy-sulfo-
telluride glasses can be prepared using a two-melt process using
Sb2O3 or TeO2 additions to pre-melted ChG materials. We have
shown that an increase of the oxygen content increases the cut-off
wavelength probably due to the changes in the Sb coordination,
the density and the glass transition temperature and decreases
the molar volume of the glass. IR and Raman spectroscopies were
useful tools in the study of the structural changes induced by the
progressive incorporation of TeO2 or Sb2O3. The compositional
dependence of the Raman spectra suggests the formation of
mixed Ge- and Sb-based oxysulfide units depending on the Sb
content and O/S ratio. Finally, we have shown that (i) it is possible
to process the glass with the composition Ge20Sb6S64Te3O7 by
melting the Ge23Sb7S70 glass with TeO2 or the Ge23Sb2S72Te4 glass
with Sb2O3 and (ii) that the choice of the oxide-based powder
might slightly modify the physical, thermal, optical and structural
properties of the resulting oxy-sulfo-telluride glass.
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