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Abstract:

We prepared chemically stoichiometric, S-poor and S-rich Ge-Ga-S glasses and annealed them
at a temperature that was 20°C higher than its respective glass transition temperature. We aimed
at tuning the formation of the different crystals in chalcogenide glass-ceramics. Through
systematic characterisation of the structure using X-ray diffraction and Raman scattering
spectra, we found that, GeS> and GeS crystals only can be created in S-rich and S-poor glass-
ceramics, respectively, while all GeS, Ga,S; and GeS; crystals exist in chemically
stoichiometric glass-ceramics. Moreover, we demonstrated the homogeneous distribution of
the crystals can be formed in the S-rich glass-ceramics from the surface to the interior via
composition designing. The present approach blazes a new path to control the growth of the
different crystals in chalcogenide glass-ceramics.

Introduction

Chalcogenide glasses are finding their increasing application in photonics, because of their
high optical nonlinearity, wide transmission range up to 25 um, and low phonon energy [1,

2].Whilst these advantages are essential for the implementation of all-optical devices based on
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chalcogenide glasses, one of the drawbacks is their weak mechanical strength and thus low
laser damage threshold [3]. It has been reported that, nanocrystals can be created via thermal
annealing of the glass above the glass transition temperature, forming so-called glass-ceramics,
and the hardness of the chalcogenide glasses can be improved via such a thermal annealing
process [4]. For example, while the glass-ceramics is created in chemically stoichiometric
(GeS2)x(GazS3)1-x system, GeS, crystals usually are formed on the surface of the glass while
Ga,Ss crystals are located in the interior of the glass [5-10]. Therefore, the reproducible and
controllable formation of the nanocrystals is still a subject of the research.

Some methods, such as adding of the alkali halide or PbS quantum dots into chalcogenide
glasses, have been developed to control the formation of the nanocrystals in various systems
including GeSz-ShSs-1N2S3[11], GeSz-GaxSs [12], GeS2-ShS3-CsCl [13-15], GeS»-1n2S3[16],
and GeS»-In2S3-Csl [17,18]. However, the relatively high halide content in chalcogenide
glasses causes the difficulty in controlling the size of the nanoparticles and leads to poor
chemical durability, and sometimes the dopants in the chalcogenide glasses are liable to induce
the precipitation of the different crystals simultaneously. Moreover, the different crystals could
have different refractive index from the host glass, and this could induce a large optical loss in
the glass-ceramics. Therefore, the development of the new method to control the growth of the
nanocrystals is highly desired.

We noted that, in most of previous literature, the starting materials for the creation of glass-
ceramics were selected from the tie-line of the glass-forming region, for example,
(GeS2)x(GazSa)1-x, since it was much easier to induce both GeS; and Ga,Ss crystals and
their variances via thermal annealing [12, 19, 20]. An interesting question is thus raised:
can we control the formation of the different crystals in the glass-ceramics via tuning the
chemical compositions? In another word, are chemical compositions along the tie-line of

the glass-forming region the best option for creating glass-ceramics?



In the present paper, we prepared two groups of Ge-Ga-S glasses containing 4 at.% and 8 at.%
Ga, respectively. The glass composition changed from S-rich to chemically stoichiometric and
S-poor with increasing Ge content. The glasses were annealed at a temperature which was
20°C higher than their individual glass transition temperature, and then the structure of the
glasses and glass-ceramics was investigated as a function of annealing durations. We aimed at
tuning the formation of different nanocrystals via composition design.

Experiments

Ge-Ga-S bulk glasses were prepared by the melt-quenching technique. The detailed
description of the glass preparation can be found in Ref. [9]. The chemical compositions of
the glasses were analysed by energy dispersive X-ray spectrometer (EDX) installed on a
scanning electron microscope. For each glass, we scanned five different positions on the
surface and the averaged results were used as the final composition of the glass. The results
showed that the difference between the nominal and final composition was less than 0.5 at.%.
The amorphous nature of the glass was confirmed by X-ray diffraction (XRD) using a
conventional X-ray diffractometer in a 260 scan mode. About 15 mg powder was sealed into an
aluminium pan for Tq measurements using a differential scanning calorimeter (Mettler-
Toledo, DSC 1). The refractive indices of the glasses were measured using a Metricon Model
2010 prism coupler with the errors less than 0.001.

X-ray diffraction analysis was performed on a Bruker X-ray difractometer using Cu Ka.
radiation from 10° to 70°. Raman spectra were recorded using a T64000 Jobin-Yvon-Horiba
micro-Raman spectrometer equipped with a liquid-nitrogen-cooled CCD detector. The 830 nm
laser line was used as an excitation source, and the laser power was kept as small as possible
to avoid any photo-induced effects. The resolution of the spectrometer was about 1 cm™.

Results and Discussion



For GexGagSe2-x glasses, chemically stoichiometric composition is Geze 67GagSes.33 and thus
the glasses with Ge less than 26.67 at.% are called S-rich and those with Ge higher than 26.67
at.% are S-poor. The same definition is applied to GexGasSes-x Where the chemically
stoichiometric composition is GezoGasSes. Figure 1 shows Tg as a function of Ge content in
the glasses. It was found that, T4 increases before it reaches a maximum, and then decreases
with increasing Ge content in the glasses containing the same Ga content, and the
maximum T4 appeared at the glass with a stoichiometric composition. Since Tg is usually
considered as a measure of the glass network, the maximum Ty indicates that the
stoichiometric glass has the best network connectivity [21].

We further annealed the glasses with differetnt durations, and measured their structure using
XRD and Raman spectra. We observed that, S-rich and S-poor glass-ceramics contain different
crystals, e.g., only GeS; crystals appear in S-rich while only GeS crystals exist in S-poor glass-
ceramics. On the other hand, all GeS;, GeS and Ga,Ss crystals can be found in the
chemically stoichiometric glasses. Below are the typical XRD and Raman results of the
chalcogenide glass-ceramics.

Figure 2 is the XRD patterns for Gez2.5GasS735, GesoGasSes, GessGasSss glasses with
different annealing time. Each panel includes the XRD patterns for the fresh and annealed
glasses. It can be found that from Figure 2(a), the fresh Gez25GasS735 glass exhibit broad
feature and the same XRD patterns exist at the annealing time up to 100 h. Then the sharp
peaks appear and overlay with these broad features. These peaks become stronger in the
sample with a prolonged annealing time of 360 h. The strongest peak at 26=15.6°is a
typical feature of GeS» crystals, and all the other sharp crystalline peaks also can be well
indexed to GeS; crystal (JCPDS-40-0443). In contrast, S-poor GessGagSse glass exhibits
different crystallization behaviour as shown in Figure 2(c). While the fresh glass shows
broad amorphous features, some sharp diffraction peaks appear in the glass with 400 h

annealing time. Clearly, these diffraction peaks



match with the standard XRD patterns of GeS single crystal (JCPDS-51-1168) very well.
Especially, three strongest peaks at 26=26.83 °, 33.34 ° and 34.20 ° are exactly same as the
standard diffraction red lines as shown in Figure 2(c). We did not observe any feature
corresponding to the strongest GeS» diffraction peak at 26=15.6° indicating that no GeS>
crystal exists in the GessGasSss glass-ceramics.

Figure 2(b) is the XRD patterns for the chemically stoichiometric GesoGasSes glass and glass-
ceramics. Here, the XRD peaks of GeS;, Ga»Ss, and GeS crystalline phases are marked by blue
triangle, green square, and red circle, respectively. Except the strongest peak at 26=15.6°, that
can be assigned to GeS> crystal (as marked by blue dot line, JCPDS-40-0443), most diffraction
peaks are overlaid each other, and thus hard to be distinguished. However, we found two weak
diffraction peaks that are located at 26=60.02%nd 62.05°, respectively. These two peaks are no
longer overlaid with others, and thus they can be uniquely assigned to Ga,Ss crystal (as marked
by green dotted line, JCPDS-50-0811) and GeS crystal (as marked by red dotted line,
JCPDS-51-1168), respectively. The results indicate that, all GeS;, GeS and Ga,Ss
crystals exist simultaneously in the chemically stoichiometric glass-ceramics. Furthermore,
Scherrer formula is used to determine the average crystalline sizes of GeS,, Ga»Ss, and GeS
in Figure 2. It can be found that the average crystalline size is determined to be 22.9 nm and
28.5 nm in S-rich and S-poor glass-ceramics, respectively, while the average crystalline size
reaches 66.3 nm in the chemically stoichiometric glass-ceramics. Here all the average
crystalline sizes are calculated by the Full-Width Half-Maximum of the strongest peaks in
Figure 2. The results indicate that the crystalline grains have a rapid growth in the chemically
stoichiometric glass-ceramics, while the crystalline grains still grow slowly in S-rich and S-
poor glass-ceramics although having a longer annealing duration.

It appears that, the formation of the different crystals can be tuned by glass compositions, e.g.,

GeS> and GeS crystals only can be created in S-rich and S-poor glass-ceramics, respectively,



while all the GeSz, GeS and Ga,Ss crystals are formed in the chemically stoichiometric
compositions. Usually, X-ray beam covers a large area on the surface of the glass, and thus the
experimental results reflect statistical information of the distribution of the different crystalline
phases. While the content of the crystalline phases is lower or the size of the crystalline grains
is small, the corresponding diffraction peaks are weak and thus hard to be distinguished from
strong diffraction peaks of other crystalline phases. This is especially true for Ga,Ss crystalline
phase since Ga content in the glass is lower. Moreover, the stress in the glass matrix could
induce a slight shift of the crystalline diffraction peaks compared with those in the standard
JCPDS card. To solve this problem, next we will employ Raman spectra to detect the different
crystalline phases, since laser beam in Raman scattering experiments can be focused into a size
at a scale of micrometre, and thus it can probe the structural information in a local area where
the signals from the small number of the crystalline grains can be enhanced.

Figure 3 is the corresponding Raman spectra of the Ge225GasS735, GesoGasSes, Ge3sGasSse
glasses with different annealing time. All the glasses show a main band around 342 cm™* that
can be ascribed to the edge-shared symmetrical stretching modes of GeS4 or GaSs, and this
band can be extended to 430cm™. However, after thermal annealing, several sharp Raman
peaks appear in the glass-ceramics with different composition. Based on the XRD results above,
the possible crystalline phases are GeS,, GeS and Ga,Sz in Ge-Ga-S glass ceramics. Raman
spectra of these crystalline phases have been investigated in the previous literature [22-30],
and their assignments are listed in Table 1.

Table 1. The different structural units and their Raman crystalline peaks.

Structural units Raman crystalline peaks (cm™)

105, 131, 139, 153, 165, 172, 181,
GeS; crystal [22-24] 220, 242, 253, 344, 361, 374, 411,

434




Sg structure [25] 152, 218, 472

111, 114,124,132, 208, 212, 215,
GeS crystal [26-28]
238, 242, 269

GaSs crystal [29, 30] 148, 233, 234, 288, 330, 388, 389

Next, we assign Raman spectra in Figure 3 to the different structural units as followings:

(1) Ss structure only appears in S-rich glasses and its intensity should decrease with increasing
Ge-content in the glasses we investigated. Moreover, since 218 cm™' Raman peak for Sg is
close to 212 cm™ peak for GeS crystals, and the stress between the glass matrix can induce
few wavenumber shifts, therefore the existence of Sg structure can be evident only when
both 218 cm™ and 472 cm™! peaks appear in the glasses.

(2) The existence of GeS> crystals mostly comes from the strong and sharp peaks at around
343 cm!, 361 cm’!, 411 cm™ and 434 cm™!, companying with several weak Raman peaks
at a small wavenumber of 105 cm™!, 131 cm™, 139 cm™, 153 cm™, 165 cm™, 172 em™, and
181 cm™ etc.

(3) Some of the Raman peaks for GeS crystal are overlaid with those for other crystals. For
examples, 242 cm™! peak is close to 242 cm™ for GeS; and 234 cm™! for GasSs crystal.
Therefore the existence of GeS crystals can be evident only when both 212 cm™ and 242
cm’! peaks appear in the glass-ceramics.

(4) GaxS; crystals have weak Raman crystalline peaks at 147 cm™!, 238 cm, 286 cm™!, 382
cm™!, and 390 cm™ due to the relatively lower Ga content in the glass.

It can be found from Figure 3(a) that, the amorphous phase is kept well in the Ge225GasS735

glass with an annealing time less than 100 h, and then some sharp Raman peaks appear in the

glass with a prolonged annealing time up to 360 h, indicating that a detectable amount of the

crystals are created. The Raman peaks at 105 cm™, 131 cm™®, 153 cm, 343 cm™, 370 cm™, 411



cm?, and 431 cm™ (as marked by the blue dotted lines) can be ascribed to the GeS; crystals.
Moreover, since the glass composition is S-rich, it is reasonably expected that Sg structure will
appear in the glass-ceramics. Therefore, simultaneous appearance of Raman peaks at 218 cm™
and 472 cm (as marked by pink dotted lines) can be considered as a symbol of Sg structure.
The peak near 151 cm™ could contain the contributions from both GeS; and Sg since both
of them have vibrations near 150cm™ [22, 25]. Noteworthy is that the Sg units in the glass
network are amorphous since we cannot observe any sharp XRD diffraction peaks related
to the Sgcrystals in Figure 2(a). On the other hand, for the S-poor GessGasSse glass, long
annealing time induces several Raman crystalline peaks at 114 cm™, 212 cm, 242 cm™,
269 cm, and 310 cm™ as marked by the red dotted lines in Figure 3(c). Since the XRD
results in Figure 2(c) clearly show that there are no GeS; or Ga»Ss crystals in the GezsGagSss
glass-ceramics, these Raman crystalline peaks are fully assigned to the vibrations of GeS
crystals.

On the contrary, the chemically stoichiometric GesoGasSes glass-ceramics exhibit many Raman
crystalline peaks as shown in Figure 3(b). Since no features can be observed at 474 cm™,
Seg structure can be excluded from GesoGasSes glass-ceramics. Other Raman crystalline peaks
and their assignments are marked using different coloured dotted lines. Clearly the
materials contained crystalline GeS, (as marked by blue dotted lines), GeS (as marked by
red dotted lines), and Ga,Ss (as marked by green dotted lines). The results are in excellent
agreement with the conclusions from XRD measurements.

It has been reported that the different crystals can be formed in the surface and interior of
the chalcogenide glass-ceramics in the previous investigations [9, 11-12, 31-34]. In
order to examine whether the distribution of these crystals is homogeneous, we polished the
annealed Ge»7GasSe9 chalcogenide glass-ceramics with different thickness and measured
Raman spectra at several different positions as shown in Figure 4. It can be seen that, the whole
Raman profiles contain several sharp Raman crystalline peaks at 105 cm™, 131 cm™, 220

cm?, 344 cmt, 376



cm?, 411 cm™, and 436 cm™ (as marked by purple dotted lines) that come from GeS; crystal,
overlapping with the broad band for Ge27GasSeo glasses. All the spectra from the random
positions in the same surface exhibit almost identical Raman profiles in terms of the positions
of the Raman peaks although the intensities of these peaks are slight different. This clearly
indicates that, the formations of the crystalline phases can be controlled not only on the surface
but also in the interior of the materials via tuning chemical compositions of the glass-ceramics.
The present results have substantial impact on the applications of the chalcogenide glass-
ceramics. For example, Ge-Ga-S systems are considered the best to host rare earth doping in
order to generate mid-infrared emission for the potential applications in mid infrared lasers,
and it has been reported that the mid-infrared emission can be significantly enhanced in the
glass-ceramics [9, 19]. However, all these results have been achieved in the chemically
stoichiometric glasses. As evident in the present investigation, the formation of the different
crystals can be tuned via glass composition designing. These crystals could have different
refractive index from the glass hosts, and the mismatching of the refractive index between the
precipitated crystals and the glass host is a major reason to induce large optical scattering

in the glass-ceramics. For example, the refractive index of GeS; and Ga,Ss crystals is 2.01
[35] and 2.29 [36], respectively, and the refractive index of GexSi1-x increases with increasing
ratio of Ge/S [37], while that of Ge-Ga-S glass varies from 2.0 to 2.5 depending on the
actual compositions. Therefore, we can design glass composition with the less refractive
index contrast between the glass host and the crystals in order to reduce the optical loss of the
glass-ceramics.

Conclusions

In summary, we have demonstrated that the formation of the different crystals in Ge-Ga-S
glass-ceramics is controllable via tuning the glass compositions. Through systematic structural

characterisation using XRD and Raman spectra, it was demonstrated that, GeS; and GeS crystal



can be in the S-rich and S-poor glass, respectively, while all GeS,, GeS and Ga»Ss crystals can
be found in the chemically stoichiometric compositions. Moreover, it was found that, while the
different crystals register on the surface and interior in the chemically stoichiometric glass-
ceramics, the distribution of the crystals in the S-rich and S-poor glass-ceramics is homogenous.
This opens ups the way to design the glass compositions tailoring the physical properties of the
glass and glass-ceramics for the applications in photonics.

Acknowledgments

This research is supported by the Zhejiang Administration of foreign experts affairs project of
China (Z20150650), and the Australian Research Council (ARC) Centre of Excellence for
Ultrahigh bandwidth Device for Optical System (CE110001018), ARC Discovery programs
(DP110102753).

Reference:

[1] R. P. Wang, Amorphous Chalcogenides: Advances and Applications (Pan Stanford
Publishing, Singapore, 2014).

[2] K. Tanaka and K. Shimakawa, Amorphous Chalcogenide Semiconductors and Related
Materials (Springer, New York, 2011).

[3] B. J. Eggleton, B. Luther-Davies, and K. Richardson. Chalcogenide photonics. Nat.
Photonics. 5, 141-148 (2011).

[4] L. Calvez, H. L. Ma, J. Lucas, and X. H. Zhang. Selenium-based glasses and glass ceramics
transmitting light from the visible to the far-IR. Adv. Mater. 19, 129-132 (2007).

[5] W. N. Xu, J. Ren, Z. H. Zhang, G. R. Chen, D. S. Kong, C. J. Gu, C. M. Chen, and L. R.
Kong. Enhanced photoluminescence of Eu?*-Pr®* ions in Ga,Ss nanocrystals embedded

chalcohalide glasses ceramics. J. Non-Cryst. Solids. 381, 65-67 (2013).



[6] E. Guilevic, M. Allix, X. H. Zhang, Jean-Luc, Adam, G. Matzen, X. P. Fan. Synthesis and
characterization of chloro-sulphide glass-ceramics containing neodymium (I11) ions. Mater.
Res. Bull. 45, 448-455 (2010).

[7] C. G. Lin, L. Calvez, L. Ying, F. F. Chen, B. A. Song, X. Shen, S. X. Dai, and X. H. Zhang.
External influence on third-order optical nonlinearity of transparent chalcogenide glass-
ceramics. Appl. Phys. A. 104, 615-620 (2011).

[8] C. G. Lin, L. Calvez, M. Rozé, H. Z. Tao, X. H. Zhang, and X. J. Zhao. Crystallization
behavior of 80GeS; -20Ga,Ss chalcogenide glass. Appl. Phys. A. 97, 713-720 (2009).

[9] R. P. Wang, K. L. Yan, M. J. Zhang, X. Shen, S. X. Dai, X. Y. Yang, Z. Y. Yang, A. P.
Yang, B. Zhang, and B. Luther-Davies. Chemical environment of rare earth ions in
Gezs.125Gas 25S65.625 glass-ceramics doped with Dy3*. Appl. Phys. Lett. 107,161901 (2015).
[10] C. G. Lin, L. Calvez, H. Z. Tao, M. Allix, A. Moréac, X. H. Zhang, and X. J. Zhao.
Evidence of network demixing in GeS,-Ga,Ss chalcogenide glasses: A phase transformation
study. J. Solid. State. Chem. 184, 584-588 (2011).

[11] L. Ying, C. G. Lin, Q. H. Nie, Z. B. Li, Y. S. Xu, F. F. Chen, and S. X. Dai. Mechanical
properties and crystallization behavior of GeS2-Sh2Ss-In2S3 chalcogenide glass. J. Am. Ceram.
Soc. 95, 1320-1325 (2012).

[12] G. S. Qu, S. M. Zhai, Y. S. Xu, S. X. Dai, H. Z. Tao, S. X. Gu, and C. G. Lin. The effect
of PbS on crystallization behavior of GeS2-Ga>Sz-based chalcogenide glasses. J. Am. Ceram.
Soc. 97, 3469-3474 (2014).

[13] X. H. Zhang, H. L. Ma, and J. Lucas. A new class of infrared transmitting glass-ceramics
based on controlled nucleation and growth of alkali halide in a sulphide based glass matrix. J.

Non-Cryst. Solids. 337, 130-135 (2004).



[14] S. Z. Zhu, H. L. Ma, L. Calvez, X. H. Zhang, J. Lucas, Jean-Luc. Adam, H. X. Shang, and
T. Rouxel. Optical and mechanical properties for far infrared transmitting glass-ceramics. J.
Non-Cryst. Solids. 353, 1298-1301 (2007).

[15] G. Delaizir, P. Lucas, X. H. Zhang, H. L. Ma, B. Bureau, and J. Lucas. Infrared glass-
ceramics with fine porous surfaces for optical sensor applications. J. Am. Ceram. Soc. 90,
2073-2077 (2007).

[16] G. Delaizir, Dollé, and P. Rozier. Spark plasma sintering: an easy way to make infrared
transparent glass-ceramics. J. Am. Ceram. Soc. 93, 2495-2498 (2010).

[17] Z. Li, C. G. Lin, Q. H. Nie, and S. X. Dai. Competitive phase separation to controllable
crystallization in 80GeS»-201In,Sschalcogenide glass. J. Am. Ceram. Soc. 96, 125-129 (2013).
[18] F. Huang, Y. S. Xu, L. Y. Chen, Q. H. Nie, S. Q. Zhang, and S. X. Dai. Crystallization
behavior of 70GeS>-201n,S3-10Csl chalcogenide glass with silver addition. J. Therm. Anal.
Calorim. 117, 1271-1276 (2014).

[19] C. G. Lin, S. X. Dai, C. Liu, B. A. Song, Y. S. Xu, F. F. Chen, and J. Heo. Mechanism of
the enhancement of mid-infrared emission from GeS>-Ga,Sz chalcogenide glass-ceramics
doped with Tm3*. Appl. Phys. Lett. 100, 231910 (2012).

[20] Y. Ledemi, B. Bureau, L. Calvez, M. L. Floch, M. Rozé, C. G. Lin, and X. H. Zhang.
Structural investigations of glass ceramics in the Ga»Ss-GeS,-CsCl system. J. Phys. Chem. B.
113, 14574-14580 (2009).

[21] T. Wang, O. Gulbiten, R. P. Wang, Z. Y. Yang, A. Smith, B. Luther-Davies, and P. Lucas.
Relative contribution of stoichiometry and mean coordination towards the fragility of Ge-As-
Se glass forming liquids. J. Phys. Chem. B 118, 1436-1442 (2014).

[22] Z. Cernosek, E. Cernoskova, and L. Benes. Raman scattering in GeS; glass and its

crystalline polymorphs compared. J. Mol. Struct. 435, 193-198 (1997).



[23] N. Mateleshko, V. Mitsa, and R. Holomb. Structural studies of technologically
modificated GeS> glasses and film. Physica B. 349, 30-34 (2004).

[24] G. P. Dong, L. L. Zhang, M. Y. Peng, J. R. Qiu, G. Lin, F. F. Luo, B. Qian, and Q. Z.
Zhao. Microstructural modification of chalcogenide glasses by femtosecond laser. J. Non-Cryst.
Solids. 357, 2392-2395 (2011).

[25] I. Eichinger, S. Schmitz-Esser, M. Schmid, C. R. Fisher, and M. Bright. Symbiont-driven
sulfur crystal formation in a thiotrophic symbiosis from deep-sea hydrocarbon seeps. Env.
Microbiol. Rep. 6, 364-372 (2014).

[26] S. M. Tan, C. K. Chua, D. Sedmidubsky, Z. Sofer, and M. Pumera. Electrochemistry of
layered GaSe and GeS: applications to ORR, OER and HER. Phys. Chem. Chem. Phys. 18,
1699-1711 (2016).

[27] J. D. Wiley, W. J. Buckel, and R. L. Schmidt. Infrared reflectivity and Raman scattering
in GeS. Phys. Rev. B. 13, 2489-2496 (1976).

[28] Ch. Power, E. Moreno, E. Quintero, D. Rivero. M. Quintero, C. Rincdn, J. A. Henao, and
M. A. Macias. Raman spectra study on Cu2MnGeS4 magnetic quaternary semiconductor with
orthorhombic wurtz-stannite crystal structure. Phys. Status Solidi B. 253, 2335-2339 (2016).
[29] E. Filippo, T. Siciliano, A. Genga, G. Micocci, M. Siciliano, A. Tepore. Phase and
morphological transformations of GasS single crystal surface by thermal treatment. Appl. Sur.
Sci. 261, 454-457 (2012).

[30] R. Rao, H. Chandrasekaran, S. Gubbbala, M. K. Sunkara, C. Daraio, S. Jin, and A. M.
Rao. Synthesis of low-melting metal oxide and sulphide nanowires and nanobelts. J. Electron.
Mater. 35, 941-946 (2006).

[31] z. B. Li, C. G. Lin, Q. H. Nie, and S. X. Dai. Controlled crystallization of p-In>Ss in

65GeS,-25In,S3-10CsCl chalcogenide glass. Appl. Phys. A. 112, 939-946 (2013).



[32] Z. B. Li, C. G. Lin, G. S. Qu, Q. H. Nie, and S. X. Dai. Optical properties and
crystallization behavior of 45GeS»-30Ga»S3-25Sh»S3 chalcogenide glass. J. Non-Cryst. Solids.
383, 112-115 (2014).

[33] M. Hubert, L. Calvez, F. Tessier, P. Lucas, and X. H. Zhang. Nanoporous surface of
infrared transparent chalcogenide glass-ceramics by chemical etching. Mater. Res. Bull. 47,
4076-4081 (2012).

[34] Deepika, P. K. Jain, K. S. Rathore, and N. S. Saxena. Structural characterization and phase
transformation kinetics of SesgGesoxPbx (x=9, 12) chalcogenide glasses. J. Non-Cryst. Solids.
355, 1274-1280 (2009).

[35] J. Ren, B. Li, T. Wagner, H. Zeng, and G. R. Chen. Third-order optical nonlinearities of
silver doped and / or silver-halide modified Ge-Ga-S glasses. Opt. Mater. 36, 911-915 (2014).
[36] M. Ichikawa, T. Wakasugi, and K. Kadono. Glass formation, physico-chemical properties,
and structure of glasses based on Ga»S3-GeS2-Sh,Sz system. J. Non-Cryst. Solids. 356, 2235-
2240 (2010).

[37] J. P. Bérubé, S .H . Messaddeq. M. Bernier, I. Skripachev, Y. Messaddeq, and R. Vallée.
Tailoring the refractive index of Ge-S based glass for 3D embedded waveguides operating in

the mid-IR region. Opt. Express. 22, 26103-26116 (2014).

Figure Captions:

Figure 1. Tq as a function of Ge content in the GexGagSe2-x and GexGasSes-x glasses.

Figure 2. XRD patterns of GezsGasS73s, GesoGasSes, GessGasSss glasses with different
annealing time. Here, the JCPDS cards of GeS: (No. 40-0443), Ga>S3 (No. 50-0811), and GeS
(No. 51-1168) crystals are also shown as solid lines with blue, green and red colour,

respectively.



Figure 3. Raman spectra of Gez2s5GasS7as, GesnGasSes, GessGasSse glasses with different

annealing time.

Figure 4. Raman spectra of the polished Gez7GasSe9 glass-ceramics with different thickness.
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