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GLASS-FORMING REGION IN THE GeSe2-In2Te3-GeTe SYSTEM 
AND SOME PHYSICOCHEMICAL PROPERTIES OF GLASSY ALLOYS

Lilia Aljihmani

ABSTRACT

For the first time, chalcogenide glasses from the GeSe2-In2Te3-GeTe system are synthesized. Visual, X-ray 
diffraction, and electron microscopic investigations identify the glass-forming area, primarily located in the GeSe2-
rich region.

Differential thermal analysis determines the characteristic temperatures of phase transformations, including the 
glass transition temperature (Tg), crystallization temperature (Tcr), and melting temperature (Tm). Hruby’s criterion 
is used to estimate the glass-forming ability (KG). The chalcogenide glasses’ density (d) and microhardness (HV) are 
measured. Compactness, elasticity modulus, and thermomechanical characteristics (micro-void volume (Vh)  and 
formation energy (Eh))  are computed using the acquired properties. A thorough discussion and link between the 
glasses’ properties and composition are established.

Keywords: glass-forming region, chalcogenide glasses, thermal properties, thermomechanical properties, 
physico-chemical properties.
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INTRODUCTION

Chalcogenide glasses (ChG) have piqued researchers’ 
interest due to their potential for use in various electronic 
fields. They combine some properties of crystalline 
semiconducting materials with the characteristic features 
of disordered systems [1, 2]. By altering the composition, 
adding a third element to binary chalcogenide glasses 
improves the likelihood of a wide range of features.

It has recently been shown that adding selenium 
enhances the corrosion stability of a tellurium 
layer [3]. Tellurium and selenium-based layers, 
therefore, represent attractive materials for devices 
utilizing amorphous to crystalline phase change.  
A great deal of scientific research is conducted on the 
potential for information recording in chalcogenide 
amorphous semiconductors and the convertible electrical 
switching over that is observed in certain of them [4 - 8].

The amorphous-crystalline phase transition is 

linked to photo structural alterations that have affected 
the optical characteristics of the chalcogenide layers 
(reflection, transmission, and absorption coefficients). 
The chalcogenide layer’s information is recorded 
and removed using these procedures. In the field of 
micro- and optoelectronics, optical systems based on 
laser-induced phase changes between amorphous and 
crystalline states are promising.

In the near, mid, and far-infrared regions of the 
spectrum, chalcogenide glasses are among the most 
promising materials for fiber and thin-film waveguides 
[9 - 13]. Because chalcogenide glasses have good 
transmission in this wavelength range and provide an 
appropriate environment for the high-power emission 
of CO2 lasers, researchers have concentrated their 
efforts primarily on reducing the transmission losses 
in this spectrum region [14]. For glasses based on Ge-
chalcogenides (Ge-Sb-Se), the absorption coefficient is 
0.029 cm−1 at 10.16 μm [15]. When Sb is replaced with 
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As, the absorption coefficient for the As-chalcogenide 
glass Ge-As-Se is 0.0143 cm−1 at 1.55 μm [16].

Other authors claim that the addition of Te up to 50 
at. % to the chalcogenide glasses on a selenium basis can 
reduce optical losses in the 8 - 12 µm range [1, 17]. A 
study presents a germanium-rich selenium chalcogenide 
fiber with optical loss below 3 dB/m between 5.1-7.9 
µm, minimizing at 6.61 µm. Its dispersion is ideal for 
mid-infrared supercontinuum generation [18].

Chalcogenide glasses are widely used in infrared 
optics because of their high refractive index and minimal 
optical losses, which enable efficient transmission and 
manipulation of mid-infrared light [17].

The current effort aims to outline the glass-formation 

region within the GeSe2-In2Te3-GeTe system and explore 
the key properties of the newly generated ChG.

EXPERIMENTAL

The glass-forming region within the GeSe2-In2Te3-
GeTe system is outlined by the help of 27 samples with 
joint composition (GeSe2)x(In2Te3)y(GeTe)z, where x + 
y + z = 100 (Table 1).

The precursor compounds GeSe2, In2Te3, and GeTe 
and glasses (4 g) from the GeSe2-In2Te3-GeTe system 
are produced by direct monotemperature synthesis in 
vacuum-sealed quartz ampoules with a residual pressure 
of 1.10-3 Pa. Ge, Se, and Te with a purity of 5N (Fluka), 

No
Composition, mol %

State
GeSe2 In2Te3 GeTe

1 90 10 0 glassy
2 85 15 0 glassy
3 80 20 0 glassy + crystalline
4 81 9 10 glassy
5 76.5 13.5 10 glassy
6 72 18 10 glassy
7 67.5 22.5 10 glassy + crystalline
8 80 0 20 glassy
9 72 8 20 glassy
10 68 12 20 glassy
11 64 16 20 glassy
12 60 20 20 crystalline
13 63 7 30 glassy
14 59.5 10.5 30 glassy
15 56 14 30 glassy + crystalline
16 54 6 40 glassy
17 51 9 40 glassy
18 48 12 40 crystalline
19 49.5 5.5 45 glassy
20 46.75 8.25 45 glassy + crystalline
21 45 5 50 glassy + crystalline
22 45 0 55 glassy
23 42.75 2.25 55 glassy + crystalline
24 42 0 58 glassy + crystalline
25 40 0 60 crystalline
26 36 4 60 crystalline
27 35 0 65 crystalline

Table 1. Compounds used for outlining the glass formation region within the GeSe2-In2Te3-GeTe system.
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In - 3N5 (Merck), are the raw materials utilized in the 
samples’ synthesis. The pre-ground starting components 
are weighed on an analytical balance with an accuracy 
of ± 0.0002 g. The physicochemical properties of the 
source components, the intermediate phase, and the final 
phase have been matched with the syntheses’ regime 
(temperatures, length of the isothermal steps, and heating 
rate between them). The examined system’s maximum 
synthesis temperature for the glasses is 900 ± 10°C, with 
vibration agitation of the smelter added for 2 h. The melt 
is quenched in ice and water at 10 - 15°C per second 
after being tempered to 850 ± 10°C. 

Differential thermal analysis (DTA) using a 
device from the F. Paulik-J. Paulik-L. Erdey system, 
manufactured by MOM-Hungary (with an accuracy of ± 
5°C), has defined the glasses’ characteristic temperatures 
(glass transition temperature Tg, crystallization 
temperature Tcr, and melting temperature Tm). At a 
residual pressure of about 1.10-3 Pa, the standard sample 
(α-Al2O3) and the material under investigation, in an 
amount of approximately 0.3 g, are added and sealed. 
The heating rate is 15°C min-1.

XRD utilizes Cu-Kα radiation (Ni-filter, θ = 5 - 40°) 
on a TUR-M61 apparatus. The samples’ surfaces are 
examined using a Phillips EM 4000 electron microscope. 

The density (d) and microhardness (HV) of the 
proven glassy state samples are determined using 
the hydrostatic [20] and Vickers’ [21] procedures. 
Toluene is employed as the working liquid for the 
hydrostatic measurements as it wets the material well, 
does not dissolve it, and does not react with it. For the 
measurements, an analytical balance with an accuracy 
of ± 0.0002 g is used. Density is determined as the 
average of 10 measurements. For microhardness 
measurements, a 10 g load is applied to a metallographic 
microscope MIM-7 with an integrated microhardness 
meter PMT-3. The average of 20 measurements per 
sample serves as the working value for HV. The density 
and microhardness are measured with an accuracy of ± 
5 %. The following formulas are used to determine the 
modulus of elasticity (E) [22], the minimal volume of the 
microvoids (Vh) [22], energy for their formation (Eh) [22], 
Hruby’s criteria (KG) [23], and compactness (C) [24].

			  (1)

where Tg - glass transition temperature, HV - 

microhardness.
Eh = 29.75 Tg, J mol-1 (Tg → [K])			   (2)

where Tg - glass transition temperature.

Е = 0.147 HV, GPa				    (3)

where HV - microhardness.

					     (4)

where Tg - glass transition temperature, Tcr - crystallization 
temperature, Tm - melting temperature.

						      (5)

where Mi, xi, and di are the molar weight, molar part, 
and density of the ith component, respectively; d is the 
sample’s density. 

Because of the linear nature of the Vh(Tg, HV), 
Eh(Tg), E(HV), KG(Tg, Tcr, Tm) and C(d) dependences, 
the error estimate of Vh, Eh, E, KG, and C are the same 
as that of temperature characteristics, density, and 
microhardness.

RESULTS AND DISCUSSION

The synthesized bulk samples of the GeSe2-In2Te3-
GeTe system exhibit a shell-like surface, a pronounced 
luster, and a black colour.

Several compositions are typical glasses, 
characterized by the absence of peaks on the 
diffractograms, as indicated by the X-ray diffraction 
results (typical diffractogram Fig. 1, line A); these 
compositions comprise the glass-forming region. 
Other compositions exhibit small-intensity diffraction 
peaks with compositions located on the boundary of 
the zone; a typical diffractogram is presented in Fig. 1, 
line B. The third type of diffractograms characterizes 
the crystalline samples, which exhibit prominent peaks 
on their diffractograms, indicating that they are not 
within the glass-forming area; a typical diffractogram 
is presented in Fig. 1, line C.

According to the electron microscopic observation, 
the samples from the glass area exhibit a smooth and 
homogeneous surface. In contrast, the samples from the 
glass-forming boundary display tiny crystalline areas 
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on their surface. The crystalline samples have a rough 
surface devoid of any areas associated with a glassy 
phase.

Based on the syntheses carried out and the results 
obtained from the visual, X-ray diffraction, and electron 
microscopic analyses, we outline the region of glass 
formation in the three-component GeSe2-In2Te3-GeTe 
system (Fig. 2). 

It lies partially on the GeSe2-GeTe (0 to 58 mol % 
GeTe) and the GeSe2-In2Te3 sides (0 to 20 mol % In2Te3) 
from Gibbs’s concentration triangle. The maximum 
solubility of In2Te3 in the glasses is ≈ 25 mol %.

S. Surinach et al. have investigated the GeSe2-GeTe 
side [25]. They define the borders of glass formation on 
this site as up to 52 mol % GeTe. We have synthesized 
a few more compositions and enlarged the boundary to 
58 mol %.

Table 2 summarizes the DTA analysis-determined 
samples’ thermal properties, glass transition temperature 
Tg, crystallization temperature Tcr, and melting 
temperature Tm. Fig. 3 displays a few typical derivatogram 
samples. The thermograms demonstrate the various 
effects. The first is related to the temperature at which 
the glass transition occurs (i.e., the change in the angle 
coefficient of the temperature-time dependence); 
the second is exothermal and has a well-expressed 
maximum; the third effect is endothermal and results 
from the melting of a phase or solid solution that has 
already crystallized.

The authors mentioned above [25] have also 
investigated the thermal characteristics of the glasses 
on the GeSe2-GeTe side, which we decided to use as 
comparative data for our measurements; these values 
are marked in Table 2.

The glass transition temperature strongly depends 
on the glass’s composition. The Tg(m) dependence at 
z = const lightly decreases, Table 2 ((GeSe2)x(In2Te3)

y(GeTe)z, m = y/(x+y)).
S. Surinach et al. have given one crystallization 

temperature (Tcr) for the compositions on the GeSe2-
GeTe side [25]. The crystallized alloys are rich in 
GeSe2, and the addition of GeTe decreases Tcr (Table 
2). The low-temperature exoeffects at 350 ± 5°C are 
related to the crystallization of the In2Te3 compound. 
They are practically uninfluenced by the increase in the 
In2Te3 content. These effects appear with the first added 
quantity of In2Te3. 

Fig. 2. Glass-forming region in the GeSe2-In2Te3-GeTe 
system.

Fig. 1. Typical diffractograms of samples from the 
G e S e 2- I n 2Te 3- G e Te  s y s t e m :  A -  c o m p o s i t i o n 
(GeSe2)54(In2Te3)6(GeTe)40 (in the glass-forming region); 
B- composition (GeSe2)56(In2Te3)14(GeTe)30 (on the glass-
forming boundary); C- composition (GeSe2)40 (GeTe)60 
(outside the glass-forming region).

Significantly more complicated is the nature of 
the exoeffects in the temperature interval 395 - 410°C 
at a concentration of In2Te3 ≥ 10 mol %. Two factors 
influence the crystallization temperature values. 
On the one hand, there are processes related to the 
crystallization of the In2Te3 and GeTe compounds, as 
their crystallization ability slightly depends on both 
GeTe and In2Te3. Nevertheless, the deviation of In2Te3 
is ~ 5 mol %. On the other hand, with the increase 
of the GeTe content, the crystallization temperature 
considerably decreases (around 10°C with ~ 10 mol % 
decrease of the GeTe content), which gives us the reason 
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to suggest that crystallizes not the pure GeSe2 compound, 
but an alloy in which In2Te3 is present and with a high 
quantity of GeTe.

The melting temperature (Tm) varies from 395 to 
744°C (Table 2). At m = const and with the increase 
of the GeTe content, Tm decreases. A minimum Tm(z) 
dependence at m = 0.1 is observed, most probably due 
to the above-described factors. This assumption seems 
logical since, with the increase of the GeTe in the binary 
GeSe2-GeTe system, the liquidus line goes through a 
minimum at about 45 mol % GeTe.

The presence of more than one melting temperature 
is logical and most probably related to the different 
melting points of already crystallized phases.

The subtraction Tcr - Tg ≥ 100°C for some glasses 
(Table 2). This disparity determines their stability. Hrubi’s 
criterion, which represents the glass-forming ability (Eq. 
4), is a more precise metric for assessing the compound’s 
effect on the glass-forming capability (Table 2). The 
high KG values indicate significant obstructions in the 
nucleus formation and crystal formation processes. 
With the increase of the GeTe content (at m = const), 

Fig. 3. Typical thermograms of samples from the 
GeSe2-In2Te3-GeTe system: 1- sample with composition 
(GeSe2)64(In2Te3)16(GeTe)20; 2- sample with composition 
(GeSe2)81(In2Te3)9(GeTe)10; 3- sample with composition 
(GeSe2)54(In2Te3)6(GeTe)40.

Composition, mol %
m Tg, °C Tcr, °C Tm, °C KGx y z

100 0 0 0 394 [19] 504 [19] 744 [19] 0.458
90 10 0 0.1 323 405, 467 472, 592 0.439
85 15 0 0.15 305 395 486,601 0.437
90 0 10 0 377 [19] 473 [19] 713 [19] 0.400
81 9 10 0.1 313 405 587 0.506
72 18 10 0.2 280 352, 438 472, 606 0.284
80 0 20 0 364 [19] 461 [19] 648 [19] 0.519
72 8 20 0.1 285 409, 448 515, 577 0.738
64 16 20 0.2 260 367, 433 395, 462, 592 0.476
70 0 30 0 344 [19] 452 [19] 626 [19] 0.621
63 7 30 0.1 275 419 501, 553 1.075

59.5 10.5 30 0.15 246 352, 395 477, 505 0.693
60 0 40 0 322 [25] 437 [25] 569 [25] 0.871
54 6 40 0.1 241 347, 424 491, 515 0.631
55 0 45 0 312 [25] 413 [25] 538 [25] 0.808

49.5 5.5 45 0.1 217 347, 405 457, 481, 534 0.695

Table 2. Thermal properties and Hruby’s criteria of glassy phases with composition (GeSe2)x(In2Te3)y(GeTe)z, where m = 
y/(x + y) and x + y + z = 100 mol %.
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KG increases, which is most probably related to the 
modifying properties of GeTe. This tendency can be 
expected since GeTe is an analog of GeSe2, which can 
be obtained in the glassy state, even if it is hard. The 
KG(m) dependences at z = const show a well-expressed 
tendency of going through a maximum at m ≈ 0.1, which 
means that at In2Te3 concentrations above 10 mol %, 
the building in of trigonal pyramids InTe3/2 in the glass’ 
carcass, built by GeSe4/2 tetrahedrons, weakens the 
crystallization ability of the glasses.

Table 3 presents the results from the investigation 
of the physical (HV and d) and the calculation of the 
thermomechanical properties (Vh and Eh), as well as the 
elasticity modulus E and the compactness C. 

The addition of GeTe (at m = const) and In2Te3 (at 
z = const) leads to an increase in the density, as this 
dependence is stronger when In2Te3 is added (Table 
3). The density increase is logical since dGeTe > dIn2Te3

 > 
dGeSe2

 (6.2 > 5.75 > 4.6 g cm-3). The stronger influence of 
In2Te3 at z = const is due to a partial exchange of Ge- and 
Se-atoms with the heavier indium and tellurium atoms.

From the analysis of the concentration dependencies 
HV(m)z = const and HV(z)m = const, it can be concluded 
that the addition of In2Te3 and GeTe led to a weak 
decrease in the HV values. This is probably due to the 
relatively close microhardness values of the three initial 
components, which are in the following proportions: and 
HVCeSe2

 > HVGeTe.
The energy required to generate micro-voids follows 

the path of Tg and varies from 3840 to 5000 kJ mol-1 
(Table 3).

At a constant value of m, adding GeTe breaks the 
interlaced bonds of the Se-atoms and changes the void’s 
configuration due to the building in of linear fragments 
-Ge-Te-. As a result of these structural changes, the 
minimal micro-void volume Vh slightly decreases. 
Adding In2Te3 at a constant concentration of GeTe also 
leads to structural changes, but their mechanism is 
different. Since the change of one Ge- and two Se-atoms 
with two In- and three Te-atoms will inevitably lead to 
the sum of two effects: breaking of interlaced bonds 
of Se-atoms, on the one hand, and three-dimensional 
netting of the structure, on the other, since the indium 
atoms are three-valent. The result of these structural 
changes is a weak increase in Vh.

Compactness (C) refers to the degree of structural 
densification in a glass, indicating how tightly the 
constituent atoms or structural units (e.g., Ge–Se, Ge–Te, 
In–Te bonds) are packed within the amorphous network. 
It slightly increases with the increase in In2Te3 content, as 
three atoms (Ge + 2Se) are replaced by five atoms with 
larger atomic radii (2In + 3Te). Since the samples with 
compositions on the m = 0.15 and m = 0.20 sections are 
near the glass-formation boundary, i.e., the possibility 
of crystallization increases, the compactness does not 
depend on the In2Te3-content and is nearly zero.

The elasticity modulus follows the path of HV and 
changes within the limits 594 - 1270 kgf mm-2 (Table 3).

Composition, mol %
m

Tg, 
K

HV,
kgf mm-2

d,
g cm-3

E,
GPa

Eh, 
 kJ mol-1

Vh,
10-3 nm3 C

x y z
90 10 0 0.1 596 96 4.11 14.11 17.73 31.29 -0.1472
85 15 0 0.15 578 94 4.78 13.82 17.20 30.99 -0.0272
81 9 10 0.1 586 95 4.22 13.97 17.43 31.09 -0.1393
72 18 10 0.2 553 84 4.90 12.35 16.45 33.18 -0.0326
72 8 20 0.1 558 95 4.31 13.97 16.60 29.60 -0.1370
64 16 20 0.2 533 82 5.00 12.05 15.86 32.76 -0.0270
63 7 30 0.1 548 95 4.52 13.97 16.30 29.07 -0.1127

59.5 10.5 30 0.15 519 91 5.00 13.38 15.44 28.74 -0.0309
54 6 40 0.1 514 93 4.64 13.67 15.29 27.86 -0.1084

49.5 5.5 45 0.1 490 90 4.68 13.23 14.58 27.44 -0.1109

Table 3. Physical and thermomechanical properties of glassy phases with composition (GeSe2)x(In2Te3)y(GeTe)z.
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CONCLUSIONS

New chalcogenide samples are synthesized, and the 
glass-forming region of the GeSe2-In2Te3-GeTe system 
is delineated. It is situated partially on the GeSe2-GeTe 
(0 to 58 mol % GeTe) and the GeSe2-In2Te3 (0 to 20 mol 
% In2Te3) sides of the concentration triangle.

Thermal characteristics are determined. The glass 
transition and crystallization temperatures are in the 
ranges 217 - 394 °C and 347 - 504°C, respectively, and 
decrease as the In2Te3 content increases at a constant 
GeTe content. The melting temperatures range from 
395 to 744°C. The density and microhardness are 
examined, ranging from 4.11 to 5.00 g cm-³ and 82 to 
96 kgf mm-², respectively. At constant GeTe content, the 
addition of In₂Te₃ increases the density while reducing 
the microhardness. The characteristics of the mechanical 
and thermomechanical glassy phases, including modulus 
of elasticity, the minimal volume of microvoids, and 
their formation energy, are investigated.  Hruby’s 
criteria and compactness are calculated to determine 
glass-forming ability and degree of densification of the 
glasses. A hypothesis for its explanation is established, 
and a relationship between these characteristics and the 
make-up of the glasses from the system under study is 
established.
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