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The effect of oxygen substitution for sulphur has been
investigated in germanium and boron based glasses con-
taining heavy metal oxides (Sb,0;). After heat treat-
ment under H,S flow, the colour of the glass (powder
and bulk ) changes from colourless to yellowish indica-
tive of anion exchange. The oxygen substitution for sul-
phur has been confirmed by the presence of a new
Raman band located at 340 cm™ corresponding to a
Ge—S and Sb—S bond vibration. The influence of the
borate addition has been studied. XPS measurements
have shown (i) the oxidation of Sb** to Sb** during
the melting which increases with an increase of boron
content and (ii) the reduction of Sb’" to Sb’" during
the sulphination, resulting in the departure of more than
one oxygen anion upon replacement by one sulphur and
in the absence of weight gain. It has been clearly dem-
onstrated that sulphination near the oxide glass tran-
sition temperature can lead to the formation of
oxysulphide glass materials.

Chalcogenide glasses (ChG) have attracted the atten-
tion of many investigators due to the fact that they are
potential candidates for applications in infrared optics
and photonics device."® Their low optical band gap,
highl sensitivity to infrared and visible exposure, makes
them good candidates for novel integrated optics. Grat-
ing fabrication or direct writing of waveguides has been
demonstrated in ChG glasses using irradiation at 514

" Corresponding author. Email: Ipetit@ mail.ucf.edu

and 800 nm.“® Nevertheless, at telecommunication
wavelengths, photo-induced effects leading to structural
modification often rule out their opportunities for use.
To make the resulting materials more physically (ther-
mally and mechanically) robust, further improvements
to the glass composition must be made, so as to avoid
material modification at 1500 nm. The proposed ef-
fort aims to identify suitably stable compositions, ame-
nable to rare earth doping with minimal
photosensitivity.

Sulphide materials have been identified as possible
materials for nonlinear optical applications. Because
of its large atomic radius compared to oxygen in oxide
glasses, sulphur plays an important role in the nonlin-
ear optical properties in sulphide glasses. It has been
demonstrated that the substitution of oxygen anions
by sulphur anions increases the ¥ by one order of
magnitude. Additionally, oxysulphide, oxyhalide and
chalcohalide glasses containing oxide and sulphide or
halide components have been studied for optical ap-
plication.” It has been reported that these glasses ex-
hibit better chemical stability and are more resistant
to atmospheric attack in comparison with the corre-
sponding sulphide glasses though sometimes at the ex-
pense of a low glass transition temperature.®) Such
glass forming ability is also often better than pure ox-
ides and chalcogenides.”” Oxysulphide materials should
offer the possibility of combining the attractive me-
chanical and chemical properties of oxide materials
with the desirable optical traits of sulphide glasses by



modification of the sulphur to oxygen ratio.

Glasses in the La,0;-La,S;-Ga,S;-Ga,0; system
have been studied intensively over the last thirty years,
for optical applications."” Good chemical and optical
properties of these glasses were demonstrated. How-
ever, only a few studies involving antimony or germa-
nium oxysulphide glass systems have been reported.!"
As antimony and germanium are considered good
glass- formers, germanium oxide based glasses con-
taining heavy metal oxides (Sb,0s) have been studied
for IR device applications."*'¥ Chalcogenides in simi-
lar glass systems (Ge—Sb-S) show possible applications
as optical transmission media.'¥ A wide glass form-
ing region has been observed, making property
optimisation through compositional tailoring attrac-
tive. For these reasons, this work aims to develop
oxysulphide glasses with good physical stability suit-
able for use in novel optical applications.

In this study, we present recent results of studies
using heat treatment under H,S gas flow of germa-
nium based glasses for the preparation of oxysulphide
materials. Micro-Raman spectroscopy and XPS have
been conducted to verify the structural changes which
occurred after the sulphination treatment. The influ-
ence of boron introduction into the system and its cor-
responding impact on glass properties have been, also,
investigated.

Experimental procedure

Sample preparation

Oxide glass synthesis  Germanium based glasses con-
taining glass formers such as B,O; and Sb,O; have been
elaborated. Glasses of the following composition (1—
x)[0-71Ge0,-0-29Sb,0;].xB,03, with x=0-06, 0-13 and
0-30 have been prepared. The starting materials used
were amorphous GeO, (99:9%, Aldrich Chem. Co.),
Sb,05 (99%, Aldrich Chem. Co.) and H;BO;(99:999%,
Aldrich Chem. Co). Batch mixtures with the appro-
priate molar ratio of starting materials were subjected
to a preliminary heat treatment to dry the starting
materials and then melted in a platinum crucible for
15 min between 1100 and 1170°C depending on com-
position. The melt was then cast onto a stainless steel
plate which had been preheated to 40°C below the glass
transition temperature. After quenching, all oxide
glasses were annealed for 15 h at 40°C below their glass
transition temperature. The final germanium, antimony
and boron content was confirmed to be identical to
the initial batch concentrations introduced in the batch,
by EDS (Elemental Dispersive Spectroscopy) with an
accuracy of two atomic percent.

Anion exchange The substitution of oxygen by sul-
phur was carried out on oxide glass powder, which had
been mechanically crushed into grains, yielding mate-
rial with a grain size distribution between 1 and 100
um. The prepared powder and bulk specimens were
treated in a furnace under H,S flow, over 15 h, at 320°C.
For all glasses examined, the treatment temperature
was well below their glass transition temperature. EDS
was used to monitor and evaluate the extent of
sulphination and x-ray diffraction (XRD) was carried

out on each sample to confirm the post sulphination
amorphous state of the treated powder.

Property measurement

The glass transition (7,) and crystallisation (7;) tem-
peratures of the untreated and treated glasses were
determined by differential thermal analysis (DTA) at
a heating rate of 10°C/min using a DSC apparatus
(Seiko Instruments Inc.).

Density of bulk materials was measured by
Archimedes’ principle using diethylphtalate. The ac-
curacy was better than 0-3%.

Structural characterisation

The micro-Raman spectra were recorded with a
Labram confocal micro-Raman instrument from Jobin-
Yvon (typical resolution of about 2 cm™), in
backscattering geometry at room temperature. The
system consists of a holographic notch filter for
Rayleigh rejection, a microscope equipped with 10X,
50% and 100X objectives (the latter allowing a spatial
resolution of less than 2 pm), and a CCD detector.
The 632 nm emission line of a He—Ne laser was used
for excitation with maximum incident power around
10 mW. The excitation power impinging on the sam-
ple during measurement was attenuated down to about
I mW depending on the absorption of the sample.

X-ray photoelectron spectroscopy

The pre- and post treatment surface chemistry of the
samples were studied using a PHI-5400 x-ray photo-
electron spectroscopy system at a vacuum of ~10~ Torr.
A non-monochromatic Mg K, x-ray source (hv=1253-6
eV) at a power of 250 W was used for analysis. Survey
spectra were recorded from 0 to 1100 eV with pass
energy of 44-75 eV, using 0-5 eV steps and four scans.
Individual high resolution spectra (C s, B 1s, Sb 3d,
Ge 3d, Ge 2p and valence bands) were made with a
pass energy of 35-75 eV, 0-05 eV steps, and scans num-
bering 20 to 50, depending on the intensity of the peak,
to reach a satisfactory signal/noise ratio. Binding en-
ergies have been corrected using adventitious carbon
(C Is at 284-6 eV) as a reference."’” Auger Scan soft-
ware from RBD Enterprises was used to facilitate peak
deconvolution."®

An x-ray photoelectron survey scan in the binding
energy region 0-1200 eV was recorded for each glass
sample. The low resolution XPS scan from the
sulphinated powder of the glass with x=0-06, taken as
an example, is shown in Figure 1. The core level peaks
and x-ray induced Auger lines from the constituent el-
ements are easily identified and marked on the spec-
trum.

Results and discussion

The aim of this study was to investigate the effect of
H,S heat treatment on germanium based glasses and
the influence of further boron introduction on the re-
sulting glass properties. Raman spectroscopy and XPS
have been conducted to evaluate the structural modi-
fication. The investigations have been focused on ger-
manium and antimony environment. For both
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Figure 1. Low resolution XPS spectrum obtained from the glass with
x=0-06

techniques, no structural information directly related
to borate units could be extracted due to the weakness
of the signal associated to borate groups.

The glass transition temperature (7,) and the den-
sity (p) of the investigated glasses prior to the
sulphination heat treatment are reported in Table 1.
When the concentration of B,O; increases, the 7, and
the density decrease progressively. No evidence of a
crystallisation temperature was measured up to a tem-
perature of 525°C.

Structural results for germanium based oxide glasses

The normalised Raman spectra of the oxide glasses
with varying Boron content (x), measured prior to
sulphination, are shown in Figure 2. The spectra ex-
hibit a broad band at 430 cm™ and bands around
700 and 800 cm™'. When the concentration of B,O;
increases, the broad band shifts to higher
wavenumber and the intensity of the other bands in
higher wavenumber can be easily distinguished for
the larger amount of borate. According to previous
Raman scattering investigations,"'”'® the Raman
band observed at 430 cm™! has been assigned, not
only, to Ge—O vibration but also to the asymmetric
bending vibration modes of SbO; pyramidal units.
The Raman spectra of similar GeO,—B,0; glasses
were investigated by Beys et al."” The band at 720
cm™', seen only in this study at x=0-30, has been at-
tributed to the formation of Ge-O-B bridges in
which boron participates in boroxol groups. They
attributed the band at 808 cm™ to these same boroxol
groups. The relative intensity of the Ge—-O-B band
increases with B,O; content as expected and as seen
in previous investigations, showing the establishment

Table 1. Germanium based oxide glasses composition
(1-x)[0:71Ge0,-0-298h,0; ] xB,0;, glass transition
temperature and density before sulphination

Mol% B,O; Glass transition temperature Density
X T, (°C) p(glen’)
+5°C +0-02
0-06 392 422
0-13 374 4-09
0-30 363 3:66
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Figure 2. Micro-Raman spectra of oxide glasses versus the BO; molar

fraction x (N, =632-8nm)
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of the borogermanate glass network. The shift to
higher wavenumber of the 430 cm™ band confirms
the glass network modification with the progressive
introduction of borate groups.

Figure 3(a) shows the fitted Sb 3ds, spectra of the
investigated glasses with x=0-06 and 0-30. Only Sb 3d;,
spectra were used for the peak deconvolution because
of the overlapping of Sb 3ds, peak with O 1s peak.
Two components, Sb,O; and Sb,Os, were needed to
properly fit the spectra of the glasses. Their binding
energies (BEs) were fixed at around 539-14 and 539-94
eV, respectively. The binding energies were chosen based
on our independent measurements on standard sam-
ples (Sb,O; and Sb,Os) and confirmed by the refer-
enced Sb 3ds, line in Sb,0;.?” A peak separation of
0-8 eV for the Sb 3ds, between Sb,O; and Sb,Os was
fixed in the fitting procedure.?" These peak binding
energies and their widths did not show compositional
variation. The relative fractions of Sb species in each
of the two environments are given in Table 2. It has
been noticed that the intensity of the peak correspond-
ing to Sb°*(O) increases slowly with an increase of B,Os
content, indicating an increase of Sb,Os content with
an increase of B,O;. In accordance with Pal et al,*?
the presence of Sb>* can be explained by the partial
oxidation of Sb** during melting. The increase of the
relative Sb®" concentration with an increase of B,O;
content indicates that borate groups in the glass net-
work facilitate the oxidation of Sb** during the melt-
ing. A similar consistent variation in Sb™ / Sb** content
has been confirmed by the measurement of the Sb 4d
spectra for both glasses with x=0-06 and 0-30, presented
in the Figure 3(b). In these spectra, the Sb 4d peaks
are overlapping with Ge 3d peaks. The Ge 3d photo-

Table 2. Ratios of the different Sb™ and Sb™ components
in the fitted Sb 3d;, spectrum prior to and after
sulphination treatment

Relative fraction of each Sb species

Mol%s Prior to After treatment

B,0; sulphination treatment

X Sh* Sh* Sh* Sh* Sh*
(8b,0;)  (8b,05)  (8b,0;)  (8b,05)  (Sb,S;)

0-06 60 40 6 5 89

0-30 48 52 8 25 67
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Figure 3. High resolution XPS spectrum of Sb 3d;, (a) and of Ge (3d) and Sb (4d) levels (b) for the glasses in the system (1-x)[0-71GeO,—

0-298b,0; ]xB,0; with x=0-06 and 0-30 prior to sulphination treatment

electron peak binding energies and their widths did not
show compositional variation.

Anion exchange.: oxygen by sulphur

Germanium based glasses were heat treated under H,S
at 320°C for 15 h. Following the sulphination treat-
ment, no weight gain of the powder nor the bulk sam-
ples was observed. The colour of the powder and bulk
samples changed from colourless (white) to yellowish.

Substitution of oxygen by sulphur in powder sample ~ X-ray
diffraction (XRD) patterns, obtained on the post-
treated powder, indicated no evidence of crystalline
phase formation in the powdered glass.

The extent of anion exchange, oxygen for sulphur,
was checked by measuring the micro-Raman spectrum
of different grains of the powder after sulphination.
Figure 4 shows spectra obtained from three different
grains of post treated powder, indicating variability in
the extent of anion exchange. As can be seen in Figure
4, the spectra of the sulphinated glass grains containing
x=0-06 show the same broad band, seen in glasses prior
to treatment, around 400-600 cm™' and 700-800 cm™
confirming the presence of Ge-O and Sb-O bonds.
Additionally, after sulphination, a new band appears
between 200 and 400 cm™ peaking at 345 cm™. This
band can be attributed to Ge-S or Sb-S vibrations in
accordance with Frumarova et al® who assigned the
band around 280-310 cm™ to the symmetrical vibra-
tion of the SbS; pyramid and around 330-340 cm™ to
the tetrahedral vibration of GeS,. One can notice that
the intensity of this band, in one of the recorded spec-

trum presented in Figure 4, has similar intensity as the
broad band at 400-600 cm™', showing that the
sulphination heat treatment at this temperature can
form an oxysulphide powder. The variation in the in-
tensity of the band at 280-310 cm™ for the three grains
examined however, demonstrates the inhomogeneous
nature of the sulphination process when applied to glass
powder. This effect should be related to the different
grain sizes (1-100 pm), which possess varying amounts
of surface area available to the H,S treatment.

Figure 5(a) illustrates the fitted XPS Sb 3d;, spec-
tra of the sulphinated glasses with x=0-06 and 0-30.
These spectra have been fitted with three components
attributed to Sb>* in Sb,0Os, and Sb** in Sb,0; and
Sb,S;. A constant peak separation of 0-5 eV for the Sb

Relative intensity (A.U.)

1 L 1 L 1 X X ¥ X '
200 400 600 800 1000 1200
Wavenumber (cm™)
Figure 4. Micro-Raman spectra of the different sulphinated grains
powder of the glass with x=0-06 (\..=632-8 nm)
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Figure 5. High resolution XPS spectrum of Sb (3d;;,) (a) and of Ge (3d) and Sb (4d) levels (b) from the glasses in the system (1-x)[0-71GeO,—

0-298b,0; JxB,0; after sulphination treatment

3d;;, between Sb,O; and Sb,S; was used in the fitting
procedures to compare relatively the intensity of the
XPS signal versus x. One can notice that the XPS sig-
nal of Sb*" in Sb,S; is smaller in the spectrum of the
glass with x=0-30, indicating a higher Sb>* content in
this glass. As presented in Table 2, the ratio Sb,S;/Sb,05
decreases strongly with the progressive introduction of
borate groups indicating that the boron presence re-
duces the ease of anion substitution oxygen for sul-
phur around Sb in the glass. Moreover the ratio Sb,Os/
Sb,0; increases dramatically for the largest borate con-
centration showing that the boron stabilises the Sb**
against reduction. This phenomenon tends to suggest
that borate groups are in the vicinity of the antimony
units. The Sb 4d-Ge 3d spectra for the sulphinated
glass with x=0-06, in Figure 5(b) taken as an example,
has been deconvoluted into eight peaks. Compared to
the non-sulphinated Sb 4d-Ge 3d fit, the doublet at
33-36-34-60 ¢V has been attributed to Sb,S; and the
peak at 31-33 eV to GeS,. The XPS data provide evi-
dence that both GeO, and GeS, are present in the glass
network after sulphination heat treatment. No notice-
able variation of the ratio GeS,/GeO, has been meas-
ured with the progressive introduction of borate groups
indicating no inhibition of sulphur replacement on Ge
as seen for Sb with varying boron content.

The absence of measured weight gain after sulphi-
nation treatment can be explained by the reduction of
Sb>* ions to Sb*, resulting in the departure of more
than one oxygen anion upon replacement by one sul-
phur, as one would mainly expect to find Sb*"in sul-
phide glasses. Assuming this is the mechanism taking
place in this experiment, considering the atomic weights

of oxygen and sulphur species, this may result in the
lack of any observed weight variation.

The XPS experiments have further substantiated
the anion exchange in Ge—O and Sb—O bonds dur-
ing the sulphination heat treatment of glass pow-
der. The presence of boron groups does not affect
the efficiency of the anion substitution in Ge-O but
does limit the substitution on Sb—O. No informa-
tion on borate groups could be obtained in the study
due to the weakness of the signals using Raman and
XPS spectroscopy.

Substitution of oxygen by sulphur in bulk glass
samples  After sulphination heat treatment, no weight
gain of the bulk glasses was measured up to the accu-
racy of the measurement (+0-05%). The sulphination
treatment has led to anion exchange on the surface of
the bulk sample. The glasses exhibited higher density,
providing further evidence of the anion exchange in-
ferred by the change of the bulk glass colour. These
results imply a contraction of the glass network with
treatment. The density of the sulphinated bulk speci-
mens increases with an increase in the content of B,Os.
The density of the glass with x=0-06 increases to
(4-24£0-02) g/cm? after sulphination and of the glass
with x=0-13 to (4-14% 0-02) g/cm’, an increase of 0-5
and 1-2%, respectively. Regarding the sulphination heat
treatment temperature (320°C), the increase of the
density has to be related to the increase of the 7, of
the glass with an increase of x. The glass with x=0-13
may exhibit at 320 °C a slightly lower viscosity (than
x=0-06) as it is closer to its glass transition tempera-
ture. Consequently, we can assume that there is better
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Figure 6. Micro-Raman spectra of sulphinated glasses versus the BO;
molar fraction X (A= 632-8 nm)

diffusion of sulphur into the glass network when the
sulphination treatment temperature is near to 7.

Following sulphination, micro-Raman spectra were
measured on the surface of the investigated bulk glasses.
These spectra are illustrated in Figure 6. The spectra
show broad bands around 400-600 cm™, as observed
prior to sulphination, and a band at 345 cm™ which
has previously been observed in the micro-Raman spec-
tra of the sulphinated powder samples. The spectra on
different location on the surface of the sample were
found to be identical, showing that the grain to grain
variation observed in powder samples was not evident
in bulk treatments. This band at 345 cm™ has been
attributed to Ge-S and Sb-S vibrations. One can no-
tice that the intensity of this band decreases strongly
with increasing B,O; content.

The glass with the lowest borate concentration
(x=0-06) which underwent the sulphination treatment
temperature at 320°C (more than 60°C below its glass
transition temperature) exhibits the highest sensitivity
to anion exchange in Sb—O and/or Ge-O as its band
at 345 cm™ has the highest intensity. Accordingly, as
shown in the XPS measurement in glass powder, this
allows one to confirm that, similarly as in bulk glass,

Surface

—0—in 3 ym below

Relative intensity (A.U.)

200 400 600 800 1000
Wavenumber (cm™)
Figure 7. Micro-Raman spectra of glass composition (1-x) [0-71GeO,—
0-298b,0; JxB,0; with x=0-06 measured at the glass surface and below
(Aex=632-8 nm)

the borate groups seem to limit the anion exchange on
Sb-O groups whereas no influence of borate groups
on the anion exchange on Ge-O groups has been meas-
ured. Regarding these results, the increase of density
variation after sulphination treatment with an increase
of x may result from an increase of the anion exchange
with B-O groups that we could not observed using XPS
or Raman spectroscopy. Efforts to confirm this hypoth-
esis are ongoing.

The post treatment surface of the glass with x=0-06
can be considered an oxysulphide with a low anion
exchange rate. To check the diffusion of sulphur across
the sample, micro-Raman spectra were acquired at dif-
ferent depths in the glass. The micro-Raman spectra
measured at the surface and at 3 um below are exhib-
ited in Figure 7. One can see that the Raman band at
345 cm™, correlated to Ge—S and Sb-S, decreases with
penetration depth showing the limited diffusion of S
up to 3 um (the accuracy of the micro-Raman set up is
1-2 um). The bulk glass appears to be oxysulphide in
composition at the surface and predominantly oxide
below this 3 um thick skin. The maximum diffusion
depth possible under these treatment conditions has
not been determined. The diffusion of the sulphur has
to be quantified by Auger spectroscopy and this evalu-
ation is ongoing.

Conclusion

In this paper, we have demonstrated the successful pro-
duction of stable oxide glass with an oxysulphide sur-
face through the sulphination of germanium based
oxide glasses at treatment temperatures near the glass
transition temperature. Micro-Raman spectroscopy has
been shown to be a powerful tool to monitor the ex-
tent of the sulphination of the oxide glass following
H,S treatment. Our Raman spectral investigations in-
dicated that sulphination treatment performed on glass
powder near the oxide glass transition temperature can
lead to the formation of oxysulphide grains with vary-
ing levels of treatment uniformity. It has been shown
that the anion exchange is not homogenous in the pow-
der. In bulk glass samples, the sulphination treatment
leads to an oxysulphide glass at the surface with a dif-
fusion of sulphur inside the glass up to 3 um. The
present study has demonstrated that germanium based
glasses are suitable starting materials for oxysulphide
glasses and anion exchange. The impact of such modi-
fication on other physical and optical properties is
ongoing.
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