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Abstract Tellurium-based glasses are suitable for storage
devices due to their rapid amorphous-to-crystalline trans-
formation. Alloys of Gejg_ySec3 $Sb17.Tey (y =0, 2, 4, 6,
8, 10 at.%) have been synthesized using melt quench
technique. Glass transition and crystallization kinetics of
alloys have been investigated using differential thermal
analysis at different heating rates (5, 10, 15, and
20 K min~"). The thermal stability of synthesized alloys
has been investigated. Resistance to devitrification has
been analyzed on the basis of activation energy for
crystallization.

Keywords Chalcogenides - Non-crystalline materials -
Thermodynamic properties

Introduction

Chalcogenides glasses are considered as functional mate-
rials due to their wide range of technological and scientific
applications. There is an increased interest in chalcogenides
due to their applications in infrared optical fibers in the field
of environment science, materials science, and medical
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science [1-3]. One of the most promising applications of
chalcogenide glasses is in phase-change memories [4]. The
phase-change materials are designed due to the existence of
two structural forms, amorphous and crystalline [5]. These
glasses are useful for rewritable optical recording due to
their reversible switching behavior between the amorphous
and crystalline phase [4]. The amorphous state is metastable
which inherently have a tendency to relax toward the
equilibrium. These states have the possibility to transform
into more stable crystalline state [6].

Ge—Se—Sb glasses have low transmission loss and high
transparency in infrared (IR) region from 2 to 14 pm which
makes them suitable in optical fibers [7]. We have already
reported the ternary system, GeoSeg; _Sby for their physi-
cal, structural, optical, and thermal properties [7-10]. The
study of reported properties indicates that the glass transition
temperature is maximum and optical energy gap is minimum
for Ge 9Ses3.8Sb 7., composition. Te-based glasses are used
in optical memory devices such as rewritable digital versa-
tile disks [11]. For the next generation of electronic non-
volatile memories, these glasses are considered as the
leading candidates [S]. We have already reported the phys-
ical and optical properties for Gej9_ySes3 3Shi7.:Te, (y = 0,
2,4, 6,8, 10 at.%) alloys [12, 13]. Therefore, Te-alloyed
Ge9Ses3 8Sb17, samples have been studied for thermal
stability, glass and crystallization kinetics.

In the present communication, we report the thermal
stability and glass forming ability of Geg_,Ses3 3Sb17.Tey
alloys using differential thermal analysis (DTA). Three
characteristic temperatures viz. glass transition temperature
(Ty), crystallization temperature (7.), and melting temper-
ature (T,) at different heating rates (¢« =5, 10, 15,
20 K min~!) have been used to determine the activation
energy for glass transition and crystallization [14-22]. For
DTA study, non-isothermal method has been used due to
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Fig. 1 DTA trace for Gejo_ySes33Shi7,Tey, (y =0, 2, 4, 6, 8,
10 at.%) alloys at heating rate 10 K min™"

its applicability on a wide range of temperature and quick
analysis in shorter time period [23].

Experimental

Melt quench technique has been used for alloy preparation
of Gelg,ySe@ngnAzTey (y = 0, 2, 4, 6, 8, 10 at.%) sam-
ples. The details of alloy synthesis have been reported
elsewhere [7, 13]. X-ray diffraction spectra of bulk samples
have been obtained from X-ray diffractometer [X’Pert Pro].
The absence of any prominent peak in spectra reveals the
amorphous nature of the bulk samples (figure not shown
here). The freshly prepared materials have been ground to
fine powder and taken in the alumina pan for the DTA
studies (EXSTAR TG/DTA 6300). For each DTA scan,
10 mg of powder has been used with different heating rates
5, 10, 15, and 20 K min~!. The melting temperature and
melting enthalpy of high purity indium, zinc, and lead have
been used to calibrate the instrument, and the measure-
ments have been carried out in nitrogen atmosphere at a
flow rate of 200 mL min~'. All the measurements have
been carried under non-isothermal conditions.

Results and discussion
Three characteristic temperatures

DTA curves for Ge g_ySeg3 3Shi7,Tey (y =0, 2, 4, 6, 8,
10 at.%) alloys recorded at the heating rate of 5, 10, 15, and
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Fig. 2 DTA trace for Ge 7Seq385h17.,Te; alloys at heating rate of 5,
10, 15 and 20 K min™"

Table 1 The values of glass transition temperature (7y), crystalliza-
tion temperature (7.), and melting temperature (Tp,,) for Gejo_y.
Seg3.85b172Tey (y = 0, 2, 4, 6, 8, 10) glassy alloys at different heating
rates (o)

Sample /K min~! T/K TJK T./K
y=0 5 537.00 649.00 798.00
10 546.00 663.72 812.00
15 551.81 672.25 815.00
20 555.44 679.18 821.00
y=2 5 532.89 620.58 785.00
10 542.00 633.96 803.10
15 547.42 643.00 810.00
20 552.00 652.00 817.32
y=4 5 527.84 609.55 779.00
10 536.89 622.00 796.00
15 542.54 631.34 800.65
20 547.57 640.97 807.12
y=6 5 522.47 592.24 769.00
10 530.18 612.00 787.00
15 536.23 621.54 793.34
20 542.00 629.97 800.00
y=38 5 514.03 585.85 758.16
10 522.34 602.01 778.97
15 529.00 610.57 787.00
20 534.00 617.91 796.00
y=10 5 506.04 571.29 746.00
10 516.71 582.18 768.94
15 521.00 592.94 775.78
20 527.00 602.69 784.00
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20 K min~! and are shown in Fig. 1 as reference at
10 Kmin~'. Figure 2 shows DTA curves for
Ge7Ses385b17,Te, at the heating rate of 5, 10, 15, and
20 K min~". The characteristic features of these curves are
glass transition temperature (1), crystallization temperature
(T,), and the melting temperature (7},,). The curve indicates
an endothermic step at glass transition temperature, and the
second peak is exothermic that takes place due to phase
change. At this temperature, amorphous material begins to
crystallize and is referred to crystallization temperature. The
third peak is an endothermic peak which corresponds to
melting temperature. The values of T, T¢, and T}, (Table 1)
have been found to decrease with increasing content of 7e.

Thermal stability and glass forming ability

Thermal stability is an important parameter for the analysis
of glasses. Two criteria have been used to measure the
thermal stability of glasses. The first criterion makes the
use of difference between T, and T.. [24]. The second cri-
terion is Hruby parameter which indicates the glass form-
ing ability (Kg) [25, 26] and is expressed as
Ko =7 1)
m — fc
where T, — T, represents the nucleation process and 7, — T,
indicates the growth process. Kauzmann proposed the
reduced glass transition temperature (7,,) which is based
on the theoretical relation between T, and Ty, and can be
calculated as [26, 27]
T,

Ty = T_.i (2)

According to the relation, T, should be constant and
nearly equal to 2/3 for glasses. This relation is also called as
two-thirds rule. It has been observed that the obtained val-
ues for T, obey the two-thirds rule (Table 2) and indicates
the ease of glass formation for all the samples. Larger dif-
ference between T, and T, indicates that the kinetic resis-
tance toward the crystallization is higher or vice versa. The
glasses that show the crystallization peak near the glass

Table 2 Values of A and B for Ge 9_,Seq3 3Sbi7,Tey (y = 0,2, 4,6,
8, 10) glassy alloys

Sample A B K T,

y=0 515.40 13.38 0.794 0.672
y=2 510.63 13.74 0.544 0.674
y=4 504.94 14.05 0.489 0.674
y==56 499.20 13.97 0.468 0.674
y=28 490.41 14.32 0.450 0.671
y=10 482.50 14.64 0.351 0.672

The characteristic parameters Ky and T;, at o = 10 K min~"!

transition temperature are considered as unstable glasses
while the glasses having peak near the melting temperature
are regarded as stable glasses. The difference between T,
and T, values decreases with the addition of Te content
indicating that the thermal stability parameter (Kg)
decreases. This indicates the decrease in thermal stability
and hence the glass forming ability on addition of Te.

Glass transition activation energy

The heating rate dependence of the glass transition tem-
perature has been interpreted using an empirical relation
(25, 28];

T, =A+ Bln(a), 3)

where A and B are constants and « is the heating rate for the
investigated samples. The plot between In (¢) and T,
(Fig. 3) gives the values of A and B. The value of
B depends upon the cooling rate used during the prepara-
tion of samples [29], and it decreases with the decreasing
cooling rate. The values of A have been observed to
decreases with increasing content of 7e (Table 2).

The glass transition activation energy (E,) has been
analyzed using two approaches. First approach uses the
Kissinger formula for the analysis of dependence of 7, on
the heating rate following the equation [14-17];

E,
In % = ——% 1 const., 4)
T2 RT,

where R is gas constant and « the heating rate. The plot of
In (af ng) against 1,000/T, yields a straight line whose
slope gives the value of E, (Fig. 4).
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Fig. 3 Plot of T, versus In(x) for Gejq.ySegs 3Sb17.Tey (y = 0, 2, 4,
6, 8, 10 at.%) glasses
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Fig. 4 Plot of ln(a/ng) versus 1,000/T, for Gejg_,Sess sShi7.2Te,
y=0,2,4,6,8, 10 at.%) alloys
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Fig. 5 Variation of In(a) versus 1,000/7,, for the Gejg_,Ses3 85b17.2-
Te, (y =0,2,4,6, 8, 10 at.%) glasses

Moynihan and co-workers have developed the theory of
structural relaxation based on the heating rate dependence
of T, to evaluate E, [18, 19].

d(lno) —E,

a0/ R o

The plot of In («) versus 1,000/, has been used to
determine the values of E, (Fig.5). The values of E,
decrease with addition of Te content (Table 3). The values
obtained from these two methods are in good agreement
with each other. In glass transition region, the energy
needed to cross the energy barriers between metastable
energy states is the activation energy of glass transition.
Glasses with the minimum activation energy can cross the
energy barrier more easily and hence, are stable. With the
addition of Te content, the value of E, decreases and the
atoms of glasses have more probability to jump these
metastable states.

Activation energy for crystallization

The activation energy for crystallization has been deter-
mined using two approximations [20-22]. The first
approximation is based on the method given by Augis and
Bennett, which follows the equation [20, 22]:

In(o/T.) = —E./RT. + InK,, (6)

where K|, is pre-exponential factor indicating the number of
attempts performed to overcome the energy barrier. The
slope of the straight line between In(«/T,.) and temperature
(Fig. 6) gives the value of E..

The activation energy for crystallization has been eval-
uated using the variation of 7. with «. Mahadevan et al.
have approximated the Kissinger method for the analysis of
devitrification process [21, 22]:

E
In(a) = _RTC + const. (7)

C

The plot of In(«) versus 1,000/7, gives straight line and
hence, the values of activation energy have been calculated

Table 3 Values of glass transition activation energy (E,), crystallization activation energy (E.), and cohesive energy (CE) for Gejg_ySees 3.

Sbhi72Tey, (y =0, 2, 4, 6, 8, 10 at.%) glassy alloys

Sample E, (Kissinger)/kJ mol ™! E, (Moynihan)/kJ mol™! E, (Augis and Bennett)/kJ mol™!  E, (Mahadevan)/kJ mol™'  CE/kJ mol™!

y=0 176.22 185.29 163.82
y=2 168.81 177.88 144.93
y=4 161.57 170.56 139.44
y=2=6 156.67 165.57 132.87
y=38 149.43 158.08 126.05
y=10 141.52 150.09 120.47

169.31 197.34
150.23 195.96
144.61 194.58
138.03 193.16
131.04 191.78
125.38 190.36
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Fig. 6 Variation of In(o/T.) versus 1,000/T, for Gej9_ySes3 85b17.2-
Tey, (y = 0,2, 4, 6, 8, 10 at.%) alloys
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Fig. 7 Plot of In(x) versus 1,000/T, for Gey9_ySeq3 3Sby7-Tey (y = 0,
2,4, 6, 8, 10 at.%) glassy alloys

from the slope (Fig. 7). The values of activation energy for
crystallization (E.) calculated from both the methods are in
good agreement.

The activation energy for crystallization during the
phase transformation decreases with the increasing content
of Te (Table 3) and can be explained on the basis of
cohesive energy (CE). The CE can be evaluated from the
distribution of probable chemical bonds. The bond energy
of Ge—Se is high and they are formed first, followed by
Te—Se and Sh—Se bonds with slightly lower energy and
then unsaturated Se—Se bonds are formed [12]. When Ge is
replaced with Te, the probability of Ge—Se bond formation
decreases leading to an increase in 7e—Se bonds along with

the formation of low-energy homopolar bonds. The cohe-
sive energy of the system decreases with Te addition
(Table 3). The decrease in E. may be related to the
nucleation and growth processes in which devitrification
requires less energy as the value of CE decreases for the
glassy network. This indicates that the probability of the
system toward devitrification increases on Te alloying.

Conclusions

Thermal parameters T, T, and T}, have been calculated for
Gelg_ySe@_ng”,zTey (y = 0, 2, 4, 6, 8, 10 at%) glassy
alloys. The values of the glass transition temperature and
crystallization temperature increase with increasing heating
rate but decrease with Te content. Glass forming ability
decreases with increasing Te content. The glass transition
activation energy decreases with addition of Te content.
The tendency of the Te added system toward crystallization
increases due to which the thermal stability decreases. The
values of activation energy for crystallization can be
explained using cohesive energy which decreases on
addition of Te.
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