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SUMMARY

Employing the melt quench approach, glassy systems with the chemical composition Ge30Se(70-x)Asx have been synthesized. 
As the amount of arsenic increases, various physical, mechanical, thermal, optical parameters and some other aspects of 
elastic moduli have been assessed. The XRD pattern shows the amorphous characteristics of the inspected materials.  
The density of the glasses increases from 4.32 to 4.61 g-cm–3 whereas the molar volume declines from 19.32 to  
18.62 cm3 mol–1 as the concentration of arsenic increases. The measured values of the ultrasonic velocities have been 
used to measure the elastic properties, such as the Shear, and longitudinal strains, Bulk modulus, Young’s modulus, and 
Poisson’s ratio of the synthesized glasses. The upsurge in the values of elastic moduli indicated the upgrading in the 
elastic properties of the materials. The outcomes are interpreted in terms of a profound structural change brought about 
by molecular rearrangement, which regulates the glass’s physical characteristics. The optical band gap energies are found 
to decrease from 2.17 to 1.86 eV due to the increase in Urbach energies from 040 to 0.64 eV with the incorporation of 
arsenic atom. The obtained results indicate the perspective of the as-synthesized thermally stable materials to be used in 
optoelectronic devices. 
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1. INTRODUCTION

The outstanding physical, optical, and technological uses 
of chalcogenide multicomponent glasses have garnered 
significant attention (Mohamed et al., 2023, Chauhan 
et al., 2023, Lee et al., 2021). They are regarded as 
standard infrared glasses and make excellent choices for 
sensors, thermoelectric devices, non-linear photonics, 
and sophisticated infrared optical fibres (Kang et al., 
2022, Wang et al., 2023, Choyon and Chowdhury, 2022, 
Kibler et al., 2023). They also offer fresh approaches to the 
difficult basic issues pertaining to the potential technical 
uses of these glasses for solid-state physicists (Pitchappa et 
al., 2019). Because of its strong glass-forming capabilities, 
pure selenium has long been a favored host matrix among 
chalcogenides (Kumar et al., 2019). Nevertheless, pure 
Se has certain drawbacks, such as limited sensitivity and 
a brief lifespan. Researchers alloy Se with a few favored 
additions, such as Cd, Zn, In, Ge, Cu, Sb, Bi, etc., to 
overcome this constraint (Hassanien and Sharma, 2024). 
Tetrahedral-coordinated geometry is acquired by the 
additional structural units present in the chalcogenide 

glasses containing Ge as one of its constituents (Pal et al., 
2019). The glass-forming tendency is enhanced when 
Ge joins a parent element (Hassanien et al., 2020b). 
Furthermore, the emergence of cross-linked structural 
units of Ge with long polymeric chains of Se reduces 
physical ageing. By raising the mean bond energy, these 
characteristics strengthen the mean of the glass network 
(Boukhris et al., 2020). Consequently, the main factor in 
bond modification is Ge inclusion. Ge’s electro-negativity 
values and size complement each other perfectly, resulting 
in a very stable glass-forming liquid (Mondal et al., 2023). 
Given these characteristics, Ge is selected as the network’s 
host matrix since it improves the glass-forming region 
and has strong stability against crystallization (Vashist 
et al., 2022). While it reduces the impacts of ageing, 
alloying Se and Ge with As improves the glass-forming 
region and thermal stability. Of all the components that 
make up the chalcogenide family, the glass that has the 
As-Se combination is the most important since it has a 
wide variety of optical qualities and is used in numerous 
applications (Yang et al., 2010). The physical, structural, 
thermal, and optical characteristics of Se-Ge-Te (Chahal 
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and Ramesh, 2022), Se-As-Te (Delaizir et al., 2011), 
and As-Se-Bi (Biswas et al., 2023) chalcogenide glasses 
have been documented by a number of researchers in 
earlier investigations. On the other hand, it appears that 
not many studies on physio-chemical, spectroscopic, and 
mechanical analyses of Ge-Se glassy matrix doped with As 
atom have been published. Ge-Se-As ternary was chosen 
by the writers for the current study for this reason.

Examining the impact of Arsenic incorporation on various 
physical, thermal, and optical parameters as a result of 
arsenic doping into the Ge-Se host matrix is the main goal 
of this report. This study’s key objective is to examine 
different mechanical parameters such as the prepared 
glasses’ elastic moduli Bulk (K), Young (Y), and Poisson’s 
ratio (Pr). These parameters are found using the density (ρ) 
and the ultrasonic velocities (longitudinal and transverse, 
νL and νT). In addition, this work seeks to determine the 
impact of arsenic incorporation on the examined glassy 
systems’ physio-chemical parameters. Moreover, this study 
examines the possible applicability of the as-synthesized 
material for optical device design.

2. EXPERIMENTAL DETAILS AND 
METHODOLOGY

2.1 SAMPLES PREPARATION

Arsenic-incorporated Ge30Se(70-x)Asx (2,4,6, and 8 at%) 
stoichiometrically mixed bulk samples have been created 
by utilizing the well-known melt quenching process, 
which is elucidated in detail elsewhere (Hammad and 
Abdelghany, 2016). 

2.2 CHARACTERIZATION TECHNIQUE

For the structural study of the materials as prepared, 
a sophisticated X-ray diffractometer (Model: Rigaku 
TTRAX-III) equipped with a Cu target with a wavelength 
of 1.5419 Å was used. The X-ray diffraction measurements 
were carried out at a speed of one half-minute and within a 
scan range of 10º–80º.

2.3 DENSITY AND MOLAR VOLUME 
MEASUREMENT

The non-reactive immersing liquid used was acetone, and 
the densities of each glass were determined using the well-
known Archimedes method (Saddeek et al., 2010). 

ρ ρ
 

=  − 
air

acetone
air acetone

W
W W

  (1)

In this instance, Wair and Wacetone represent acetone and the 
weight of glasses suspended in midair, respectively. The 
symbol ρacetone represents the density of acetone. With the 
molecular weight (M) and 𝜌 (Eq. (1)) values known, the 
formula (Eq. (2)) has been shaped to calculate the molar 
volume (VM) of the glass samples (Saddeek et al., 2010).

 ρ
= ∑ i i

M
x M

V  (2)

In this instance, xi and Mi stand for the molecular weight 
and molar fraction of the ith glass composite, respectively.

2.4 MEASUREMENTS OF ELASTIC MODULI

An ultrasonic flow detector (USN 60) using the pulse-
echo-overlap technique has been used to achieve the 
ultrasonic measurements in our study at room temperature. 
The ultrasonic velocity (v) can be obtained by following 
the steps by reading and selecting the first two echo signals 
with amplitudes A1, A2, and the corresponding times t1, t2 
generated in the sample (Saddeek et al., 2020),

2 1

2υ =
−
X

t t
 (3)

In this instance, t is the pulse time (s) and X is the sample 
thickness. The shear (S) and longitudinal (L) strains 
were calculated using the measured νL, νT and ρ values 
in accordance with the following relations: L = ρνL

2, and 
S = ρνL

2.The Poisson ratio (Pr), Young (Y), and Bulk (K) 
moduli were calculated by calculating the S and L values in 
the manner described below (Saddeek et al., 2020, Mondal  
et al., 2021a):

1.33= −K L S  (4) 

( ) 12 (2 2 )−= − −rP L S L S  (5)

( )2 1= + rY S P  (6)

2.5 THERMAL MEASUREMENTS

For the DSC thermogram measurements, a Shimadzu-50 
calorimeter were used, with a continuous heating rate of 
10K/min, in the temperature range of 300 to 700 K. 

2.6 OPTICAL MEASUREMENTS

The UV-visible spectra of the polished glass samples were 
measured at room temperature using a Shimadzu UV-1800 
series spectrophotometer, covering wavelengths ranging 
from 200 to 800 nm. To calculate the absorption coefficient 
α(v) at the spectrum edge area, by using Eq. (7) (Singh et 
al., 2021b, Davis and Mott, 1970):

( ) (2.303 / ) ( )α ν ν= d A  (7) 

In this discussion, ‘d’ represents the sample thickness, and 
‘A’ indicates the amount of light absorbed. A power law 
that helps illustrate how amorphous materials absorb light, 
particularly above the exponential tail, is explained by 
Eq. (8). According to Davis and Mott , this instance has a 
larger value of α(υ) (Hafiz et al., 2007).
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gh A h E  (8)

It is possible to assume that different values for the index 
‘n’, such as 2, 3, 1/2, and 1/3, correspond to different 
sorts of transitions, such as direct allowed/forbidden and 
indirect allowed/forbidden. In this case, ‘A’ stands for 
the band tailing parameter, ‘Eg’ for the optical band gap 
energy, and ‘hν’ for the incident photon energy.

3. RESULT AND DISCUSSION

3.1 X-RAY DIFFRACTION

As illustrated in Figure 1, the XRD patterns of the 
Ge30Se(70-x)Asx samples depicts no significant peaks apart 
from the broad peak owing to glass structure. 

The obtained pattern of the studied materials shows merely 
a broad hump between 20 and 40 degrees, with no acute 
peak connected to crystallinity. This observation could 
be explained by the studied samples’ non-crystalline, 

amorphous nature or short-range order (Hassanien et al., 
2020a).

3.2 STUDY OF DENSITY AND MOLAR 
VOLUME

When examining the structural alterations of the 
geometrical configurations in the glass network, density 
is a crucial quantity to consider. It also clarifies the glass 
network’s level of structural compactness. In addition, 
density aids in the assessment of numerous significant 
thermal, elastic, and optical characteristics. Eq. (1) is used 
to measure the sample densities.

The computed density (ρ) values are plotted versus the 
Arsenic concentration (x) in Figure 2. The molar volume, 
another crucial measure for analyzing the structural 
characteristics of the materials, is correlated with density. 
Eq. (2) can be used to find the glassy system’s molar 
volume. As shown in some earlier research, it is evident 
from Figure 2 that there is an inverse relationship between 
density and molar volume. According to a prior report, the 
higher-density As (5.72 g/cm3) atoms may have replaced 
the lower-density Ge (5.32 g/cm3) and Se (4.81 g/cm3) 
elements, which is why ρ increased (Yadav et al., 2019). 
Conversely, the inclusion of the Arsenic atom, which has a 
lower atomic radius (RAs = 1.16 Å, rather than Ge and Se, 
which have greater atomic radii (RSe = 1.22 Å and RGe = 
1.52 Å), is responsible for the decrease in Vm.

3.3 STUDY OF ULTRASONIC WAVE 
VELOCITIES AND ELASTIC MODULI

Table 1 lists the longitudinal velocity (νL) and shear 
velocity (νT) data that were acquired and recorded at room 
temperature. Figure 3 shows how the As content varies 
with longitudinal and shear velocities. 

Interestingly, when more Arsenic atoms are introduced to 
the glassy matrix, both νL and νT increase from 2657 m/s to 
2752 m/s and from 1564 m/s to 1625 m/s, respectively. It 
has been proposed that structural changes and modifications 
to the cross-link densities of the glasses under study are the 
cause of this rise in ultrasonic velocities, which results in 
a decrease in the propagation of waves through the glass. 
As shown in Table 2, the computed longitudinal modulus 
(L) and shear modulus (S) increase from 11.30 to 11.40 
Gpa, and the values of the bulk modulus (K), Young’s 
modulus (Y), and Poisson ratio (Pr) likewise show an 
increasing trend with the addition of the Arsenic atom. 
An essential mechanical measure for examining how 
a substance compresses under external pressure is the 
elasticity bulk modulus. The elastic moduli are extremely 
significant parameter for a material to inspect to examine 
the functionalization of that sample (Bhutto et al., 2023, 
Yang et al., 2010). It has previously been noted that 
with the increase concentration, the elastic moduli also 
increases for the As-Se system (Ota et al., 1978). The 

Figure1. XRD patterns of Ge30Se(70-x)Asx glassy systems

Figure 2. Variation of density and molar volume with 
Arsenic content(x)
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defect homopolar Se-Se bonds in these glasses diminish 
as arsenic concentrations rise, which affects the elastic 
moduli’s values. It has been demonstrated in the literature 
that even trace amounts of arsenic can change average 
connectivity, which in turn can change crosslink density 
and, in turn, elastic moduli (Mondal et al., 2021b). The 
Table 1 illustrates how increasing the Arsenic content 
(x) results in an increase in the mechanical parameters, 
indicating a rise in glass stiffness. These findings could be 

explained by the topological analyses of the glasses under 
study as well as the distribution of chemical bonds. 

3.4 THERMAL STUDY 

Figure 4 displays the complete DSC curves for the Ge30 
Se(70-x)Asx (2,4,6, and 8) glasses recorded at 10 K/min. The 
homogeneity of the prepared bulk glasses is confirmed 
by the appearance of one Tg in the DSC curve for each 
composition. The amorphous-crystalline transitions are 
represented by the observed exothermic peak. Table 3 
tabulates the measured values of the different thermal 
parameters. The glass transition temperature is observed 
to drop as the concentration of Arsenic(x) increases 
(Figure 4).

These curves can be distinguished by their glass transition 
temperature (Tg), crystallization temperature (Tc), and peak 
crystallization temperature (TP). The graph exhibits an 
endothermic step at the glass transition temperature, with 
an exothermic second peak resulting from phase change 
(Shukla and Sharma, 2019). This temperature, which 
occurs when amorphous material begins to crystallize, 
is referred to as the crystallization temperature. It has 
been noted that Tg, Tc, and Tp values drop as Arsenic 
concentration rises. The correlation between the Arsenic 
concentration and the changes in the derived density (ρ) 
values and the thermal stability parameter (ΔT=Tc-Tg) is 
depicted in Figure 5 (Nian et al., 2018).

Figure 3. Variation of longitudinal velocity (νL), and shear 
velocity (νT) of studied glasses with Arsenic content(x)

Table 1. The mechanical parameters of the studied glass 
having composition Ge30Se(70-x)Asx (2,4,6, and 8)

X νL

m/s
νT

m/s
S

Gpa
L

Gpa
K

Gpa
Pr

Gpa
Y

Gpa
2 2657 1564 11.30 32.54 17.51 0.196 27.00
4 2682 1581 11.32 32.58 17.52 0.196 27.07
6 2706 1596 11.36 32.65 17.54 0.197 27.19
8 2752 1625 11.40 32.71 17.56 0.198 27.31

Figure 4. Variation of Tg, Tc, Tp of studied glasses

Table 2. Measured thermal parameters of the studied 
glasses with composition Ge30Se(70-x)Asx (2,4,6, and 8)

x Tg (K) TC (K) TP (K) Thermal Stability
(ΔT=Tc-Tg) (K)

2 554 691 710 137
4 546 686 705 140
6 533 675 690 142
8 526 663 678 152

Figure 5. Variation of density, and thermal stability with 
Arsenic content(x)
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It should be noted that the samples exhibit thermal stability 
across a significant temperature range, suggesting that 
high-temperature applications could benefit from their use. 
The glasses’ inverse relationship between Tg and ρ makes 
it evident that adding Arsenic content reduces Tg while 
increasing ρ. Tg and Tc values drop as the concentration of 
Arsenic atom increases. Filling the interstitial gaps with 
arsenic atoms lowers the number of vacancies in the glass 
matrix and raises the effective density (ρ) value (Biswas 
et al., 2020). An increase in the Arsenic content of the 
examined glass demonstrated greater stability against 
crystallization, as shown by an increase in (Tc-Tg).

3.5 STUDY OF OPTICAL BAND GAP 
ENERGY AND URBACH ENERGY

The absorption edge in disordered materials tends to be 
attributed to indirect transitions across an optical gap at el-
evated absorption coefficient values, according to the elec-

tronic structure theory of amorphous materials. Davis and 
Mott noted that the majority of amorphous semiconductors 
permit direct transitions, with a corresponding value of ‘n’ 
equal to 2 (Singh et al., 2021a). 

By graphing the fluctuation of (αhυ)1/2 vs hυ and 
extrapolating the linear region to the x-axis where α = 
0 of the curves, optical energy band gap values can be 
determined using a Tauc’s approach. The Eg values found 
for glasses with different concentrations of arsenic are 
displayed in Figure 6(b) and also summarized in Table 
3. An increase in arsenic content is assumed to cause the 
band gap energy to fall by 2.17 to 1.86 eV, as found in 
earlier studies (Lal et al., 2019, El Ghandoor et al., 2012). 
The increase in Urbach energy levels may be the cause of 
this declining Eg value.
Investigating the disorder in the material is carried out 
using an essential technique known as the Urbach ener-
gy (ΔE). It is hypothesized that conduction and valence 
bands, as well as the width of the band tail (ΔE), are gen-
erated by electron transitions between localized states, the 
densities of which are expected to vary on energy expo-
nentially.

The energy emitted into the bandgap as a result of 
random potential changes in the material often follows 
an exponential pattern. The experimental tail comes from 
the same physical source regardless of the material’s 
structure. Included in these items are localized states that 
reach into the restricted band-gap area. The Urbach energy 
(ΔE) is often measured to describe the degree of disorder 
in vitreous systems. Plotting ln(α) versus photon energy 
(Figure 7(a)) and applying the empirical relation yields the 
Urbach energy (ΔE) (Urbach, 1953):

0( ) υα υ α  
 ∆ 

=
hexp
E

 (9)

In Figure7(b), the obtained values of ΔE are displayed. 
Interestingly, it is noteworthy that Urbach energy increases 
with increasing amounts of arsenic integrated into the host 
matrix. The outcome implies that the addition of arsenic 
causes a progressive increase in faulty states or diseases, 
which lowers the Eg of the materials being studied. Previous 
studies have indicated an inverse relationship between the 
Eg and ΔE (Hota et al., 2023). 

4. CONCLUSIONS

Several glass compositions with the composition 
Ge30Se(70-x)Asx have been created as bulk samples in the 
current investigation. The lack of any distinct peaks or 
lines in the XRD patterns verifies the as-prepared glasses’ 
amorphous condition. The glass density increases when 
the arsenic content rises, whereas the molar volume (Vm) 
drops. By utilizing the measured values of ultrasonic 

Table 3. Optical band gap energies, and Urbach energies 
of Ge30Se(70-x)Asx (2,4,6, and 8) glasses

x Optical bandgap 
energy (Eg) (eV)

Urbach energy 
(ΔE) (eV)

2 2.17 0.40
4 2.08 0.46
6 1.98 0.48
8 1.86 0.64

Figure 6. (a) Tauc’s plot of studied samples, (b) variation 
of Eg with arsenic content(x)
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velocities (νL, νT) and density (ρ), the shear (S) and 
longitudinal (L) strains have increased from 11.30-
11.40 Gpa and 32.54-32.71 Gpa, respectively. Next, the 
glasses’ Poisson’s ratio (Pr) and elastic moduli (K, H, 
and Y) were ascertained. It is discovered that the elastic 
modulus increases as the concentration of arsenic rises. 
An improvement in the materials’ elastic characteristics 
has been demonstrated by the increase in elastic moduli 
values. All the thermal parameters are found to maintain a 
decreasing trend with the increasing arsenic content. The 
thermal stability (ΔT) of the glasses has been determined 
and is found to increase from 137-152K, indicating the 
thermally stable glassy system. The increasing trend of 
measured Urbach energy values results in the reduction of 
band gap energies from 2.17 to 1.86 eV, which indicates 
the applicability of these as-prepared samples absorbing 
layers in photovoltaic devices.
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