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Abstract. The present study deals with the effect of composition on the elastic and optical properties of
Gex Se2 Sb1−x (0.0 ≤ x ≤ 1.0) glasses. The various elastic moduli of these glasses such as Young’s modulus (Y) and
the bulk modulus (B) along with the micro-hardness (H), Poisson’s ratio (σ ) and Debye temperature (T D ) were
obtained from the values of the longitudinal (v l ) and shear (v s ) ultrasonic velocities. On the basis of measurements
of the transmittance and reﬂectance spectra in the wavelength range of 0.4–2.5 μm the optical constants such as
the ﬁlm thickness (t), the refractive index (n) and the optical band gap (E g ) were investigated with high accuracy.
The optically determined bulk modulus of these glasses was in good agreement with that elastically investigated.
The obtained results were discussed in terms of the changes in the glass density, electronegativity and electronic
polarizability with the variation in antimony content.
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Introduction

Ternary glassy alloys have wide band gap (Eg ≈ 1–3 eV)
that are produced by the combination of IV–VI groups have
attracted intensive studies owing to their great potentials for
a various applications. These applications include advanced
IR optical ﬁbre [1], photostructural, optical recording [1–3]
and acousto-optic devices [4,5]. Furthermore, due to their
favourable elastic and interfacing properties they are often
preferred to their crystalline counter-parts with similar properties. In the past decades, many authors have worked on
different glass compositions like Se–Ge–In, Sb–Ge–Se, Ge–
As–Se and Se–Ge–Bi [6–15]. Rabinal et al [16] have studied the chemical ordering in Se80−x Ge20 Inx glasses. The
composition effect on the optical properties of Sb–Ge–Se
and Ge10 Asx Se90−x ﬁlms has been studied [6]. Sb–Ge–Se
glasses have been preferred in the fabrication of optical
devices because of their high transparency in the 8–12 μm
region and their good elastic, thermal and chemical properties [6,8,17,18]. Moreover, many extensive studies have been
carried out to modify the mathematical formulation describing the transmittance and reﬂectance for different glasses
[17–20]. Therefore, it is important to characterize these
glasses through studying the composition effect of their optical parameters (refractive index, extinction coefﬁcient and
the optical band gaps) on antimony.
In the present study, the elastic and optical properties of
different compositions of Gex Se2 Sb1−x (with x = 0.0, 0.2,
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0.4, 0.68, 0.8 and 1.0) were investigated. The ultrasonic
velocities (longitudinal vl and shear vs ) have been measured
through the pulse-echo technique in order to investigate the
elastic moduli and Debye temperature (TD ). Films with sufﬁciently high thickness (∼ 0.7 μm) help us to avoid the effect
of thickness of ﬁlm on the optical constants and also successful application of Swanepoel’s analysis [19] in the range of
transparency can be achieved. This procedure leads to accurate determination of the refractive index and ﬁlm thickness.
On the basis of the measured transmittance and reﬂectance
spectra in the region of strong absorption, the absorption
coefﬁcient has been calculated.

2.

Experimental

The elemental components (Ge, Sb, and Se with 5 N purity,
from Koch Light Co.) in appropriate proportions were introduced into a quartz ampoule with 15 mm in diameter under
a vacuum of 10−4 Torr. The ampoule contents were melted
in an electric furnace at 1150◦ C for 24 h. Then the ampoule
was cooled to 850◦ C and quenched in hot water (90◦ C) in
order to prevent any cracking or shattering of the cylindrical sample during further processing. Care was taken to preserve the vertical status of the ampoule during the quenching
operation. Then the ampoule was annealed for 1 h at about
ﬁve degrees higher than the glass transition temperature (Tg ).
After that, the ampoule was brought to room temperature by
slowly cooling just before breaking open the ampoule. An
ice bath for 15 min is necessary for facilitating retrieval of
the glass from the ampoule.
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3.

Results and discussions

Figure 1 shows the X-ray diffraction (XRD) patterns of the
as-prepared Gex Se2 Sb1−x (with x = 0.0, 0.2, 0.4, 0.68, 0.8
and 1.0) chalcogenide glasses. The general feature of these
patterns conﬁrms the amorphous nature of the as-prepared
ﬁlms. The elemental compositions of Gex Se2 Sb1−x glasses
are given in table 1 referred to the nominal composition

Se2Ge1

Se2Ge0.8Sb0.2

Intensity (A.U.)

Glasses in the form of circular discs with a diameter of
1.2 cm and length of 0.6 cm were obtained. Two parallel sides were polished for the measurements of ultrasonic
velocities. Non-parallelism of the two opposite side faces
was less than 0.01 mm.
On the basis of pulse-echo technique both of the longitudinal (vl ) and shear (vs ) ultrasonic velocities in m s−1
were measured through the measurements of time interval
between the initiation and the receipt of the pulse appearing
on the screen of ﬂaw detector (USM3-Kraütkramer) by standard electronic circuit (Philips PM 3055 Oscilloscope). A
bonding material called Nonaq Stopcock Grease was applied
to x-cut and y-cut transducers (KARL DEUTSCH) operated
at a fundamental frequency 4 MHz. The detected echoes
were displayed on an oscilloscope, so that the ﬁrst half-cycle
of the radio frequency in each echo may be observed. If there
is a slight distortion in the ﬁrst half-cycle of each echo, due to
any part of the transducer bond sample combination, the time
between the ﬁrst half-cycle of each represents the exact round
trip time in the sample. At low range of mega-hertz frequencies, the system can be considered very effective. The velocity was investigated by dividing the round trip distance by the
elapsed time. The random errors were ± 15 and ± 20 ms−1
for measuring vl and vs , respectively.
The density ρ (in kg m−3 ) for Gex Se2 Sb1−x glasses was
measured to the third decimal (± 20 kg m−3 ) by the displacement method using toluene as an immersion liquid. Based on
the obtained values of the density the molar volume Vm was
(Vm = M/ρ) where M is the molecular weight of the glass.
Different compositions of Gex Se2 Sb1−x ﬁlms have been
deposited onto well-cleaned glass substrates using the vacuum evaporation technique. The deposition chamber was
kept for 24 h for achieving thermodynamic equilibrium. Both
the rate of the ﬁlm deposition (0.5 nm s−1 ) and thickness
was controlled by DTM-100 quartz crystal monitor. Like
this low rate of deposition produces a ﬁlm composition as
the same starting bulk materials [20]. PANalytical’s X’Pert
PRO X-ray diffractometer (2θ = 10–70◦ ) has been used
to characterize Gex Se2 Sb1−x thin ﬁlms. The compositions
of evaporated ﬁlms were checked at different spots (size
≈ 2 μm) using EMPA (JEOL 8600 MX). The composition of
Gex Se2 Sb1−x ﬁlms (1.5 cm × 1.25 cm) was found to be uniform within an accuracy greater than ± 1.0%. The transmission and reﬂectance spectra at room temperature (300 K) for
Gex Se2 Sb1−x ﬁlms were measured in the spectra range 400–
2600 nm using double-beam UV–Vis–NIR (Perkin Elmer
Lambda 750).
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(the starting mixture), where the weight losses were found to
be less than ± 1%.
Variations of density (ρ) and molar volume (Vm ) with the
antimony concentrations in Gex Se2 Sb1−x glasses are listed
in table 2. Substituting Ge by Sb atoms leads to the observed
increase in glass density and molar volume. This increase
in density and molar volume with the increase in Sb content is expected, since its atomic weight, density and atomic
radius of Sb are higher than that of Ge. The increase in the
molar volume expanded the amorphous network and consequently both longitudinal and shear velocities decreased with
the increase in Sb concentration in these glasses.
3.1 Elastic properties
The elastic moduli of amorphous material can be determined
by using two parameters namely, the longitudinal modulus
(L = ρυl2 ) and the shear modulus (S = ρυs2 ). By applying the
equations derived by Rajendran et al [21] the elastic moduli
can be determined in terms of the two moduli and their values
are listed in table 2.
The ratio between lateral and longitudinal strain produced
when tensile force is applied is an important parameter which
is called as Poisson’s ratio (σ ). As the ultrasonic velocities
decreased, Poisson’s ratio increased with the increase in the
chalcogen content that can be ascribed to transformation of
the glass structure from an essentially network to a chain-like
form [22]. Here although the Se concentration has a constant
value but one can found that the excess of chalcogen Se–Se
bond are increased with the increase in antimony concentrations (table 2). Moreover, Poisson’s ratio can be correlated
with the dimensionality of glass network [23]. The increase
in Poisson’s ratio may be attributed to the loosely bonded
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Table 1. EDX results and ﬁlm thickness for Gex Se2 Sb1−x (with x = 0.0, 0.2, 0.4, 0.68, 0.8
and 1.0) thin ﬁlms.
EDX results at%
Composition

Se±

Ge

Sb

d (μm)

Se2 Ge1
Se2 Ge0.8 Sb0.2
Se2 Ge0.6 Sb0.4
Se2 Ge0.4 Sb0.6
Se2 Ge0.2 Sb0.8
Se2 Sb1

66.4 ± 2.2
66.63 ± 2.5
66.71 ± 2.4
66.667 ± 2.6
66.667 ± 2.3
67 ± 2.2

33.6 ± 2.2
26.46 ± 1.9
19.84 ± 1.2
12.313 ± 0.9
6.307 ± 0.51
0.00

0.00
6.91 ± 0.6
13.45 ± 1.03
21.02 ± 1.5
27.026 ± 2.4
33 ± 1.86

0.662 ± 0.002
0.670 ± 0.003
0.632 ± 0.002
0.655 ± 0.004
0.684 ± 0.003
0.692 ± 0.002

Table 2. Glass density (ρ), molar volume (Vm ), ultrasonic velocities (longitudinal Vl and shear Vs ), elastic moduli (longitudinal modulus
(L), shear modulus (S), bulk modulus (B), microhardness (H) and Young’s modulus (Y )), Poisson’s ratio (σ ), Debye temperature (TD ) and
the excess of Se–Se bonds for ternary Se2 Ge1−x Sbx (0 ≤ x ≤ 1) chalcogenide glasses.
ρ ± 20 Vm × 10−6 Vl ± 15 Vs ± 20 L ± 0.15 S ± 0.2 B ± 0.17 H ± 0.1 Y ± 0.18 σ ± 0.002 TD ± 2 Excess
(GPa)
(GPa)
(GPa)
(GPa)
(K) of Se–Se
(kg m−3 ) (m3 mol−1 ) (m s−1 ) (m s−1 ) (GPa)

Composition
Se2 Ge1
Se2 Ge0.8 Sb0.2
Se2 Ge0.6 Sb0.4
Se2 Ge0.4 Sb0.6
Se2 Ge0.2 Sb0.8
Se2 Sb1

4437
4518
4598
4676
4760
4840

17.62
17.97
18.33
18.89
18.99
19.26

2835
2650
2452
2240
2095
1820

1635
1520
1417
1292
1220
1050

35.66
31.73
27.65
23.46
20.89
16.03

network linkages which leads to the formation of disconnected structural units and in turn gives rise to lower dimensional connectivity. By increasing Sb content the ordering
degree of the amorphous species (Se2 Sb3 ) increased with
slight ordering in the periodicity at the expense of the amorphous matrix that increases the values of the density and
decreases the elastic moduli [24].
Microhardness expressed the required stress to eliminate
the glass free volume [25]. The calculated values of H are
found to decrease with the increase in the concentrations of
Sb (table 2) that can be ascribed to the formation of large
precipitates on the expense of others. This result also conﬁrmed the softening (ductility) character as Sb increased in
Gex Se2 Sb1−x glasses [26]. Furthermore, the structure transformations from a three dimensional to a chain-like structure leads to a decrease in the values of microhardness [27].
The observed decrease in the hardness conﬁrmed that there
are a structural contribution with the addition of generally
accepted interpretation based on the continuous change of
the outer electron concentration per atom [28].
The Debye temperature (TD ) is an important parameter
of glass and can be determined based on elastic constant
data, since
 to the average sound
 TD is directly proportional

−3
−3 −1/3
by this equation [29]:
velocity Va = Vl + 2Vs
h
TD =
kb



3qNA
4π Vm

1/3
Va ,

(1)

where h, kb and NA with the usual meaning in quantum
mechanics, and q the number of atoms. The values of TD

11.86
10.44
9.23
7.81
7.09
5.34

19.85
17.81
15.34
13.06
11.45
8.92

1.97
1.71
1.54
1.30
1.21
0.89

29.67
26.20
23.07
19.53
17.62
13.35

0.251
0.255
0.249
0.251
0.243
0.251

285.95
264.23
244.54
220.76
207.94
178.26

0
3
6
11
13
16

for Gex Se2 Sb1−x glasses are listed in table 2. The observed
decrease in the values of bulk modulus is due to the change
in the value of the average stretching force constant of different bonds [30]. According to the chemical bond approach
[31–33] the strongest Ge–Se bonds (49.44 kal mol−1 [32])
are expected to occur ﬁrst followed by Sb–Se bonds
(43.98 kal mol−1 [32]). After these bonds are formed there
are excess of Se valences that leading to the formation of
homopolar Se–Se bonds (44.04 kal mol−1 [32]). The excess
of homopolar Sb–Sb bonds are found to increases with the
increase of Sb content (table 2). The heteronuclear bonds like
Ge–Se and Sb–Se are calculated based on the homonuclear
bonds and the electronegativities of the constituent atoms as
detailed in references [33,34]. Therefore, increasing the Sb
content softened the acoustic mode of the amorphous alloy
which decreased all of the elastic parameters. It was worth
mentioned that the obtained values of the elastic moduli
Gex Se2 Sb1−x glasses are well agreed with those previously
determined by the authors [34–36].
3.2 Optical properties
Analysis of the transmission and reﬂection spectra of the
Gex Se2 Sb1−x ﬁlms demonstrates that antimony doping of
Ge1 Se2 shifted the optical absorption edge of the ﬁlms
towards the lower photon energies (ﬁgure 2). The inset of
this ﬁgure showed the measured ﬁlm reﬂectance spectra for
Ge1 Se2 and Se2 Sb1 ﬁlms.
The refractive index n(λ) for Gex Se2 Sb1−x thin ﬁlms
has been calculated according to previously detailed works
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Figure 2. Transmittance spectra for Gex Se2 Sb1−x thin ﬁlms with (0.0 ≤ x ≤ 1). The
inset of this ﬁgure shows reﬂectance spectra for the ﬁrst sample (x = 0) and the last
sample (x = 1).
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Figure 3. (a) Index of refraction (n) and (b) the absorption coefﬁcient or extinction
coefﬁcient, (k) as a function of the wavelength for Gex Se2 Sb1−x thin ﬁlms with (0.0 ≤
x ≤ 1).

[37,38]. Figure 3a shows the variations in the values of
the refractive index with composition. The refractive index
increased with the increase in the concentrations of antimony.
Like this manner would be expected due to the replacement
germanium with smallest atomic radii (1.23 Å) by the largest
antimony atoms with atomic radii 1.45 Å. Thus, the addition
of Sb at the expense of Ge leads to the increase in the electronic polarizability and therefore the refractive index [39].

The electronic polarizability for Gex Se2 Sb1−x ﬁlms can be
calculated from the Clausius–Mossotti relationship


(2)
∝0 = 0.395 n2 − 1/n2 + 1 Vm .
The calculated values of ∝0 were plotted as a function of λ
and are as shown in ﬁgure 4. Furthermore the values of ∝0
has been calculated by substituting the ng values into equation (2) where ng is the refractive index at cutoff wavelength
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Figure 4. Variation in electronic polarizability αo with the wavelength for Gex Se2 Sb1−x thin ﬁlms with (0.0 ≤ x ≤ 1).
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Figure 5. Refractive index parameter (n2 − 1)−1 against the
photoenergy (hν) for Gex Se2 Sb1−x thin ﬁlms with (0.0 ≤ x ≤ 1).

(λ = hc/Eg ). It was noted that the electronic polarizability
increase as well as the Sb content is increases. In the range
of transparency where the refractive index can be ﬁtted in
accordance to the Wemple–DiDomenico (WDD) dispersion
relation [40,41]


(3)
n2 (hv) − 1 = E0 Ed / E02 − (hv)2 ,

atomic polarizability of Sb atoms in comparison with that of
Ge atoms.
The absorption coefﬁcient α was evaluated from the
reﬂection and transmission spectra, R(λ) and T (λ), with
allowance for reﬂection in the layer

where E0 is the single oscillator energy that is the average
optical band gap (WDD gap), Ed the dispersion energy which
is a measure of the average strength of inter-band transition.
Both the E0 and Ed values can be easily determined using
the slope and the intercept of the plot of refractive index

−1
parameter n2 (hv) − 1
vs. the squared of photon energy
(hν) as shown in ﬁgure 5. Furthermore, when the photon
energy √
tends to zero (v → 0) equation (3) can be rewritten as
n(0) = 1 + Ed /E0 . The deduced values of E0 , Ed and n(0)
are listed in table 3. It is well known that, the single oscillator energy E0 is corresponded to the average separation
between the valence and conduction bands; therefore, it is
related to the average molar bond energy of the different
bonds presented in the material. Thus, the observed decrease
in the value of the E0 for Gex Se2 Sb1−x ﬁlms is ascribed to
the increase of the lowest bond energy Sb–Sb (1.3 eV) and
Sb–Se (1.89 eV) bonds at the expense of Ge–Se (2.13 eV).
Therefore, the formation of Sb–Sb and Sb–Se bonds reduce
the optical band gap in Gex Se2 Sb1−x ﬁlms with the increase
in Sb concentrations. The changes in Ed values with
compositions gives more understand for refractive index
manner.
As demonstrated in table 3, the value of Ed increased with
the increase in the Antimony concentration. This increase in
Ed values can be attributed mainly to the change in the ionicities of Se–Se homopolar bonds and extra introduced Sb
atoms. Thus, the values of n(0) is increased with the increase
in the Sb concentrations that can be ascribed to the large

where R1 is the substrate–air reﬂectance, R1 = (n1 − 1/
n1 + 1)2 , R2 the ﬁlm–air reﬂectance, R2 = (n − 1/ n + 1)2 ,
R3 the substrate–ﬁlm reﬂectance, R3 = (n1 −n/n1 + n)2 , t
the specimen thickness, T the transmittance of the ﬁlm, n1
the refractive index of the substrate and n the ﬁlm refractive
index. Moreover, the extinction coefﬁcient (k) can be calculated through the formula, k = αλ/4π . The changes in the
values of the extinction coefﬁcient with the Sb content are
shown in ﬁgure 3b. On the bais of Tauc’s method (ﬁgure 6),
the optical band gap (Eg ) of Gex Se2 Sb1−x ﬁlms has been
estimated. Sb doping reduced the optical band gap and therefore, the spectral broadening of the exponential tail of the
absorption edge (Urbach’s tail slope, Γ as shown in ﬁgure 7)
can be interpreted as evidence that Sb doping increased the
degree of structural disorder in the GeSe ﬁlms.
The total optical electronegativity difference, χ , for
ternary and complex glassy system can be estimated by substituting the value of the band gap, Eg , into the Dufy relation
[42] in the form of

α = t −1 ln ((1 − R1 ) (1 − R2 ) (1 − R3 )/T ) ,

χ = 0.2688Eg .

(4)

(5)

Substituting B, χ and Eg , respectively, in Clausius–
Mossotti relation gives the electronic polarizability (∝0 in
Å3 ) in terms of the bulk modulus as [43]


∝0 = 0.395 (5.563 − 0.033B)2 − 1 /


(6)
(5.563 − 0.033B)2 + 2 Vm ,
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Table 3. Band gap energy (Eg ), optical electronegativity ( χ ), normal dispersion parameters (single oscillator energy (E0 ), oscillator
strength (Ed ), and the static index of refraction (n(hν = 0))), theoretical or optical calculated of bulk modulus (Bth ), and the electronic
polarizability, α (Å3 ).

Composition
Se2 Ge1
Se2 Ge0.8 Sb0.2
Se2 Ge0.6 Sb0.4
Se2 Ge0.4 Sb0.6
Se2 Ge0.2 Sb0.8
Se2 Sb1

600

Electronic polarizability, α (Å3 )
Eg ± 0.01
χ
Γ ± 0.001 E0 ± 0.02 Ed ± 0.2
Bth equation Equation Equation
Equation
(eV)
equation (5)
(eV)
(eV)
(eV)
n(0) ± 0.03 (6) (GPa)
(2)
(6)
(8)
2.05
1.93
1.75
1.62
1.48
1.35

0.551
0.519
0.470
0.435
0.398
0.362

0.028
0.035
0.041
0.048
0.053
0.057

4.20
3.90
3.55
3.21
2.90
2.77

23.68
24.77
25.59
26.72
27.48
28.05

Se2Ge1

19.78
17.97
15.22
13.23
11.13
9.09

5.385
5.512
5.650
5.911
6.054
6.198

6.159
6.302
6.452
6.673
6.721
6.841

5.154
5.311
5.509
5.751
5.863
6.037

R = 0.997
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Figure 6. Parameter (αhν)1/2 of the absorption coefﬁcient vs.
photon energy for Gex Se2 Sb1−x thin ﬁlms with (0.0 ≤ x ≤ 1).

Figure 8. Values of the optical band gap vs. the bulk modulus for
Gex Se2 Sb1−x ﬁlms with (0.0 ≤ x ≤ 1).

where M and ρ are the molecular weight and density of the
material, respectively, in terms the optical electronegativity
as [44]

10

∝0 = 0.395 ((4.207 + k)/(7.207 + k)) Vm ,
ln( )
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Figure 7. Exponential dependence of the absorption coefﬁcient on
the photon energy for Gex Se2 Sb1−x thin ﬁlms with (0.0 ≤ x ≤ 1).

(7)

where k = (ln χ) (ln χ − 4.564) and in terms of the
optical bang gap as [45]


∝0 = 0.395 12.41 − Eg − 0.365/12.41


+2 Eg − 0.365 Vm ,
(8)
The deduced values of ∝0 based on the above equations (2)
and (6)–(8) are very close to each other (table 3). In order
to correlate the optical band gap and bulk modulus, ﬁgure 8
shows the plot of Eg values vs. B for Gex Se2 Sb1−x glassy
ﬁlms. This ﬁgure conﬁrmed that there is a linear dependence
between Eg and B can be expressed as
Bth = 15.2Eg − 11.38.

(9)
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The above equation satisﬁed for the glasses under study and
it gave values of the bulk modules as well as those determined based on the ultrasonic velocities (see table 3). In
other words, substituting the values of B into equation (9)
gives the values of the electronegativity or the optical gap for
Gex Se2 Sb1−x glasses and vice versa. Taking this in mind it
was suggested that equation (3) by Aly [46] and also equation (2) in reference [42] are not satisﬁed for Gex Se2 Sb1−x
glasses.
4.

Conclusions

In the present work different compositions of Gex Se2 Sb1−x
glasses were prepared in the form of bulk samples and thin
ﬁlms. The amorphous state of the as-prepared glasses and
thin ﬁlms were conﬁrmed by the absence of any sharp lines
or peaks in the XRD patterns. The effect of the addition of
antimony onto GeSe glass on the elastic moduli and the optical properties was investigated. Increasing the concentration
of Sb at the expense of Ge results in the
• Increase in the glass density (ρ), molar volume (Vm ) that
ascribed to the lowest values of the atomic weight and
density of Sb in comparison with that of Ge atoms.
• Increase the values of Poisson’s ratio (σ ) that can be
ascribed to the increase of defect homopolar Se–Se bonds
and also by increasing Sb content the ordering degree
of the amorphous species (Se2 Sb3 ) increases with slight
ordering in the periodicity at the expense of the amorphous matrix that increasing the values of the density and
decreasing the elastic moduli.
• Decrease the Debye temperature (TD ) was attributed to the
decrease in ultrasonic velocities.
• A good correlation between the optical band gap (Eg ),
electronegativity ( χ), and the bulk modulus has been
found in these glasses under study.
• Decrease in the optical band gap (Eg ) can be attributed to
the increase in the Urbach tail slope (Γ ) and vice versa.
• Increase of the refractive index can be interpreted in terms
of the increasing electronic polarizability with the increase
in Sb content.
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