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Threshold behaviours in GexAsi10Seq-x and GexSb1oSegox glasses
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We investigated the effect of the elemental substitution of As by Sb on the threshold
behaviours in GecAs(Sb)ioSeqox glasses. We found that, while the transition thresholds at
MCN=2.4 and 2.67 were verified in the GeAsSe glasses, the transition thresholds can be
changed to chemically stoichiometric compositions if As is substituted by Sb. We further
deconvolved Raman spectra into different structural units and the change of their
respective intensity showed the same behaviour, and this was ascribed to the chemical
effect induced by a large difference of the atomic radius between As and Sb, and a
relatively strong ionic feature of the element Sb.
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1. Introduction

Chalcogenide glasses consist of one or more of the chalcogen elements S, Se and Te
covalently bonded to other elements such as Ge, As, or Sb, etc. They have many unique properties
including low phonon energy, broad transmission window, ultrafast optical response time, and
high linear and nonlinear refractive index, and making the glasses very useful in infrared optics
and photonics [1-6]. Moreover, these properties can be easily tuned in a widely compositional
range, since the glass-forming region is broad. Therefore, it is flexible to design the material
compositions tailoring any particular device application.

To explain why the properties in chalcogenide glasses change with the glass composition,
two different models have been proposed. One is the chemically ordered covalent network
(COCN) [7,8] and another is the topological model based on constraint theory [9,10]. In the
COCN model, heteropolar bonds are dominated and thus the chemical order is preserved.
Therefore, physical parameters in the extremum or a change in slope can be found at the
stoichiometric or tie-line compositions in the glasses, and this usually is called the chemical
thresholds of the glasses. On the other hand, mean coordination number (MCN), defined as a sum
of the content of each element in the glass times its coordination number, is quite often used as an
estimation of the glass network connectivity in the topological model. The transition usually is
observed at MCN=2.4 from an under-constrained network to an over-constrained phase [9,10], A
second phase transition existed at MCN=2.67 corresponding to a topological change from a 2-D to
3-D “stressed rigid” phase [11]. Many chemical and physical properties have been found to change
abruptly at these transition thresholds in various glass compositions. For instance, various physical
parameters, like material density; elastic moduli; index of refraction; band-gap, etc, showed clear
transition at these thresholds in the literatures [12-16].

While both models can partly explain the compositional dependence of the physical
properties, it is obvious that the chemical order should be violated in extremely chalcogen-poor
glasses where many homopolar bonds like Ge-Ge or As-As should appear. On the other hand, it
has been found that the transition behaviors are not always located at MCN=2.67 as predicted by
the topological model [17]. The questions are thus raised: to which degree these two models can be
valid to explain the compositional dependence of the properties in the glasses? And how can the
chemical composition affect the threshold behaviors in the glasses?
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To answer these, in the present paper we measured the evolution of physical properties in
GeAsSe and GeSbSe glass systems, where As or Sb contents were fixed at 10%, and Ge content
was changed from 5% to around 30%. This could help us understand how the chemical
composition and MCN, and how the elemental substitution can affect the properties of the glasses.
The glass transition temperature, density, refractive index and optical bandgap, were measured and
Raman spectra of the glasses were further recorded to understand the correlation between the
change of the glass structure and properties. We found, while the MCN was dominated in tuning
the properties of the glasses, chemical compositions became increasingly important especially in
the GeSbSe glasses deviated from ideally covalent network.

2. Experimental

GexAs(Sb)1oSeqox bulk glasses with an MCN from 2.2 to 2.9 were prepared by the melt-
quenching method. The details on the preparation conditions are similar to those in the previous
literatures [17]. The glass rods were cut into the discs with a diameter of 10 mm and a thickness of
1 mm. The discs were further polished with two parallel optical surface. No any observable
bubbles or impurities can be found using an infrared microscope. An energy dispersive x-ray
spectrometer (EDX) installed on a scanning electron microscope was used to measure the chemical
compositions of the glasses. In all cases, the measured composition had less than 0.3 mol%
different from the corresponding nominal one. All the glasses are amorphous as confirmed by x-
ray diffraction (XRD) method. Glass transition temperature T, was measured by a differential
scanning calorimeter (Mettler-Toledo, DSC 1), and the refractive index was measured using a
Metricon Model 2010 prism coupler. For Raman scattering measurements, 830 nm laser line with
0.1 mW power was used to excite Raman spectra. The glass density p was measured using the
Archimedes principles, and each glass composition were measured five times to get the average
density.

3. Results and discussion

The coordinated number of Ge, As(Sb) and Se are 4, 3 and 2, respectively, in chalcogenide
glasses[1,2].Therefore, MCN of GexAs(Sb)ioSeqox is [4x+3x10+2x(90-x)]/100=2.1+0.02x.
Obviously there is a one-to-one correspondence between Ge concentration and MCN. Below we
show all the physical parameters as a function of MCN and this is easily converted into Ge
concentration based on the formula above.
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Fig. 1. The correlation between glass transition temperature Tg and MCN
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Fig. 1 shows the correlation between Ty and MCN, where T, increases almost linearly with
the increase of MCN in GeAsSe glasses, and this is in contrast with that in GeSbSe glasses where
a maximum Ty appears at the chemically stoichiometric composition for each curve. Since T,
reflects the degree of the glass network connectivity [18], the appearance of the global maximum
indicates that the glass network is destroyed with increasing MCN in the GeSbSe glasses.

Fig. 2 is the relation between the density of the glasses and MCN. Due to larger atomic
weight of Sb compared with that of As, the density in GeSbSe glass is larger than that of the
corresponding GeAsSe glass. A minimum density at MCN=2.67 can be verified while a slight
trace of the transition of the maximum at MCN=2.4 can be observed in GeAsSe glasses. However,
a minimum density can be found at MCN=2.60 in GeSbSe glasses which corresponds to the
chemically stoichiometric GezsSbioSess.
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Fig. 2. Density of the glass as a function of MCN

Each atomic weight in GeAsSe glass is slightly different. Supposing that the atomic
arrangement keeps unchanged in GeAsSe glasses with a fixed As content of 10%, then substitution
of Se by Ge could lead to a small density since Se is heavier than Ge. The present results in Fig. 2
is opposite to the expectation, especially in the MCN below 2.4 and above 2.6, the increasing
density with MCN implies significant changes in the atomic arrangement. The similar change can
be observed in GeSbSe glasses, although there is no clear signals of the maximum at MCN=2.4 in
Fig. 2. However, these two groups of the glasses exhibit slightly different in their transition
thresholds, suggesting that chemical composition might affect the structure of the glass system.

Fig. 3 shows the refractive index of the glasses as a function of MCN. Once again, we
observed that, while the minimum of the refractive index appears at MCN=2.67 for GeAsSe
glasses, its value changes to MCN=2.6 for the GexSboSeqo.x glasses.
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Fig. 3. The relation between refractive index of the glass and MCN.

We measured Raman spectra of the glasses in order to understand how the change of the
glass structure can affect the transition thresholds in Ge-As(Sb)-Se glasses. Fig. 4(a) and (b) show
Raman spectra of GeAsSe and GeSbSe glasses, respectively. All the spectra exhibit broad bands
from 150 cm™ to 350 cm™. It is well accepted that, the cross-link of the substructural units like
GeSey, tetrahedral, As(Sb)Ses, pyramidal and some homopolar Ge-Ge, As-As(Sb-Sb), Se-Se
bonds forms Ge-As-Se glass network. Raman vibrations at 195 cm™ and 215 cm™ correspond to
the corner-sharing (CS) and edge-sharing (ES) GeSes, tetrahedral units, respectively [17,18].The
peak around at 230 cm™ was ascribed to pyramidal AsSes» modes. SbSes;» pyramids were reported
to have a feature at 195 cm™, but obviously this was hidden behind the broad GeSes» bands due to
the overlapping of broad vibrational bands in the glasses [17,19].The peak at 250 cm™ was due to
the vibrational modes in the Se chains or rings [7,19].In addition, it was natural expected that the
number of so-called wrong bonds of Ge-Ge, As-As and Sb-Sb, becomes larger with the increase of
Ge concentration. The peaks at 175 cm™ and 300 cm™ were characteristic of the Ge-Ge mode of
the ethane-like (Se,)Ge=Ge(Se,) structural units, and Sb-Sb vibrations were found at 160 cm’
[17,19-22].
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Fig. 4. Raman spectra of GexAs9Ses.« (a) and Ge.SbpSes.. (b) glasses and their decompositions.
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We decomposed Raman spectra of these glasses into these different structural units
following the assignments mentioned above, as shown in Fig. 4, and considered the integrated area
of each substructural units to the whole spectral area as the content of each substructural unit. Fig.
5 (a) and (b) show the content of each structural units as a function of MCN in GeAsSe and
GeSbSe glasses, respectively. For GeAsSe glasses, all the change of the content of the different
structural units exhibits a transition at MCN=2.67, while for the GeSbSe glasses, the transition
occurs at the chemically stoichiometric composition.

For GeAsSe glasses, different elements are next to each other in the Periodic Table and
thus their atomic radii and electronegativity are relatively close, hence GeAsSe glasses were
usually considered as an ideal covalent network system to examine the rigidity percolation theory.
In GeAsSe glasses, the mismatching between the different atoms can be well suppressed, and thus
the observed transition thresholds at MCN=2.4 and 2.67 are in agreement with the predictions by
the mean field theory. In contrast, physical parameters exhibit extrema at the chemically
stoichiometric GeSbSe glass. The difference may come from the large mismatching in atomic
radius, or relatively strong ionic feature of the Sb element. In fact, the similar chemical effects can
be observed in GeGaS and GeSbS glasses with such large mismatching [23,24].
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Fig. 5. The content of different structural units as a function of MCN in Ge.As0Seso-« (a) and
GeShioSeqo. (b) glasses.

Recently, Opletal et.al. simulated the structure of GeAsSe and GeSbSe glasses, the initial
configurations of 240 atoms consisting of the glasses were generated via the Reverse Monte Carlo
method before being temperature quenched via ab-initio molecular dynamics simulations [25]. It
was found that the appearance of the extrema in physical parameters was companied with a
maximum number of Ge(As/Sb)-Se-Ge(As/Sb) units in the network. This corresponds to the
chemical stoichiometric compositions in the GeSbSe system, but the minimum in the refractive
index and the maximum content of Ge(As)-Se-Ge(As) units appear at MCN = 2.67 in the GeAsSe
system. Further structural analysis indicated that, As-As-Se, units appear at the cost of As-Se;
units, resulting in an increase to homopolar bonding beyond the transition in GeAsSe glasses, but
the similar situationt with Sb-Sb-Se, units was never observed in the GeSbSe system. The results
are in agreement with those in Fig. 5.
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The present results verify that, the constraint theory with the transition thresholds at
MCN=2.4 and 2.67 is valid in an ideally covalent system like GeAsSe glasses, but this could be
violated in non-ideal systems like GeSbSe and GeGaS glasses, where the chemical order came into
effect, and the physical parameters usually exhibit transitions at the chemically stoichiometric
compositions.

4. Conclusions

We comparatively investigated the thresholds in GexAsioSesx and GexSbioSeqx bulk
glasses. Through systematic measurements of various physical parameters like T, density, and
refractive index, we found that, while the transition thresholds at 2.4 and 2.67 were verified in
GeAsSe glasses, the replacement of As by Sb can induce the change of the transition thresholds.
Further structural characterisation using Raman confirmed that, the transition threshold was
correlated with the extrema of the content of the different structural units in the glasses. While the
number of the structural units exhibits extrema at MCN=2.67 for GeAsSe glasses, these extrema
appear in the chemically stoichiometric compositions for GeSbSe glasses.
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