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Abstract Glass transition kinetics of Seg,_  Te sSb,
(x=0, 4, 8 and 12 at.%) glassy alloys has been studied
using differential scanning calorimetry (DSC). DSC runs
were taken at different heating rates (5, 10, 15 and 20K/
min) for each samples. Heating rate dependence of glass
transition temperature (T,) has been studied using Lasocka
empirical relation. Activation energy of glass transition
(E,) has been determined using Kissinger and Moynihan’s
relation. Effect of Sb concentration on glass transition
temperature and activation energy has been studied. Ther-
mal stability of Seg,_,Te sSb, glassy alloys has also been
investigated using Dietzal relation, Saad and Poulin rela-
tion, Hurby parameter (H,) and Lie and Liu parameter (y).
Compositional dependence of parameters investigated for
thermal stability has also been studied.

1 Introduction

Semiconductor chalcogenide glasses have received much
attention in the recent past due to their useful applications
in modern electronics, optoelectronics, integrated optics,
solar cells, optical memory devices, optical recording sys-
tems, chemical and biosensors [1-10].

Se-based chalcogenide glasses have high transparency
in broad middle and for IR regions along with strong non-
linear properties. Besides this amorphous selenium has got
tremendous potential in xeroxing applications.
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Also Se based glasses have low thermal conductivity,
low melting point and unexpected stability which allows
them to be used for glass formation while doping with
various other elements [11, 12]. Tellurium on the other
hand posses properties required in cutting edge technolo-
gies based on chalcogenide glasses [13]. These properties
are related to ultrafast crystallization used in phase change
optical data storage devices [14—17] and transmittance in
the for IR regions used in IR optics and optical fiber [18,
19]. Though Se based chalcogenide glasses have got a good
number of applications in variety of domains, however,
they suffer from thermal in stability leading to crystalli-
zation which happens to be one of the drawback of these
alloys. Se-Te alloys are found to be useful from techno-
logical point of view only when these alloys are thermally
stable with respect to time and temperature when they are
in use. Many researchers have made attempt to improve
the stability of Se—Te alloy by adding a third element such
as (Ge, Bi, Zn, Sb, In etc). Alloying gives smaller aging
effect, higher sensitivity and higher crystallization tempera-
ture [20-23]. We have chosen Sb as an additive element in
Se-Te alloy may expand the glass forming area and also
can create compositional and configurationally disordered
system with respect to binary alloy which will be useful in
understanding the glass transition kinetics and thermal sta-
bility of Se-Te—Sb system. Also addition of Sb impurity to
Se—Te system increases the electrical conduction and ther-
mal stability of the material [24].

It has been further reported that the glass transition
temperature (T,) is found to be increasing with Sb con-
tent which clearly indicates that there is a cross linking of
Se-Te chains after doping with Sb [25].Optical and electri-
cal properties of Se-Te-Sb system has been studied exten-
sively by other workers [26-31], but very little attention
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has been paid on glass transition and crystallization kinet-
ics of Se-Te—Sb glassy alloys.

From ongoing discussions, we find that glass transition,
glass stability and chemical stability are the prominent
properties of glassy materials to be used in various phase
change recording media.

The present work is concerned with the study of glass
transition kinetics and thermal stability of Seg,_,Te,gSb,
(x=0, 4, 8 and 12 at.%) glassy alloys. Sb has been added
as a chemical modifier on the cost of Se. Calorimetric stud-
ies has been carried out under non-isothermal conditions at
different heating rates. Activation energy of glass transition
has been analysed. Effect of Sb additive on glass transi-
tion mechanism and activation energy has been reported.
Thermal stability has also been examined using different
parameters.

2 Experimental

Glassy alloys Seg,_,Te sSb, (x=0, 4, 8 and 12 at.%) was
prepared by the most frequently used melt quenching tech-
nique. An appropriate amount of high purity (99.999 pure)
Se, Te and Sb were weighed accordance to their atomic
percentage by using an electronic balance(LIBROR, AEG-
120) with the least count of 10™* g and placed into ultra-
cleaned quartz ampoules (length 5 cm and diameter 8 mm).
To avoid oxidation the ampoules were evacuated and sealed
under a vacuum of 10~*Torr. Each ampoule was kept
inside the furnace at an appropriate temperature (above the
melting point of each constituents). The temperature was
raised at a rate of 3—4 °C/ min. The temperature was kept at
1000 K for 24 h. During the heating process, the ampoules
were constantly rocked by rotating ceramic rod to ensure
the homogeneity of alloying materials. The ampoules with
molten materials were rapidly quenched into ice-cooled
water. The rapid cooling was done to convert the melt in
highly viscous liquids i.e. in glassy form. The ingots of
glassy materials were taken out from ampoules by break-
ing them. Prepared glassy material were grind to make fine
powder for DSC studies.

10-20 mg of each sample was heated at a constant heat-
ing rate and changes in heating flow with respect to an
empty pan were measured by using differential scanning
calorimetry (Shimazadu, Japan Model 60).

3 Theoretical basis

The understanding of glass transition kinetics is one of the
most important problems in the area of glasses. This can
be studied in terms of glass transition temperature (T,) and
activation energy of glass transition (E,). The evaluation of

E, using the theory of structural relaxation as developed
by Moynihan and other workers [32—-34] from the heating
rate dependence of glass transition temperature is widely
used in the literature. Kissinger’s method [35], which
was originally derived for the determination of activation
energy of crystallization, can be used for evaluation of acti-
vation energy of the glass transition process in chalcoge-
nide glasses too [36]. We have, therefore, used both Kiss-
inger’s method and Moynihan’s method for evaluation of
the activation energy of structural relaxation in chalcoge-
nide glasses. The theoretical basis of both methods is given
below.

3.1 Moynihan’s method

The heating rate dependence of the glass transition temper-
ature in chalcogenide glasses is interpreted by Moynihan
et al. in terms of thermal relaxation phenomenon. In this
kinetic interpretation, the enthalpy at a particular tempera-
ture and time H(T, t) of the glassy system, after an instanta-
neous isobaric change in temperature, relaxes isothermally
toward a new equilibrium value H (T). The relaxation
equation can be written in the following form [32]

(%) :_M, (1

T

where T is a temperature-dependent structural relaxation
time and is given by the following relation:

E
T =17,€exp <—R—fi,> exp [—c(H — Hp)|. )

where 7, and ¢ are constants and E, is the activation energy
of relaxation time. Using the above equations, it can be
shown [33, 34] that

dinp) _ E
d1/Ty) R ®)

From Eq. (3) it is evident that Inf versus 1/T, plot
should be straight line and activation energy involved in
the molecular motions and rearrangement around T, can be
calculated from the slope of this plot.

3.2 Kissinger’s method

This method is commonly used in analyzing crystalliza-
tion data in DSC. During the isothermal transformation, the
extent of crystallization («) of a certain material is repre-
sented by Avrami’s equation [37, 38]

a(t) = 1 —exp [-(K0)"], @)
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where ‘K’ is the rate constant and ‘n’ is the order parameter
that depends upon the mechanism of crystal growth.
The rate constant K is given by the Arrhenius equation

-E
K=K =
e
According to Kissinger, Eq. (4) can be approximated as
da
pudil R Kntn—l 1—
( dr ) 1 (- ©)

Expressing t in terms of a from Eq. (4), the crystalliza-
tion rate (da/dt) becomes

(‘:1—‘:) = AnK(1 — a), )

where A =[—In(1 — )]~ D/,

In non-isothermal crystallization, it is assumed that there
is a constant heating rate in the experiment. The relation
between the sample temperature T and heating rate  can
be written in the form:

T=T,+ ft, 8)

where T; is the initial temperature.
The derivative of K with respect to time can be obtained
from Egs. (5) and (8) as follows:

= (@)= (kr)x ®

Using Eqgs. (7) and (9), we have

In (ﬂ) - <_EC> + constant (10)
2 ¢
T RT,

where T, is the crystallization temperature.

Although originally derived for the crystallization pro-
cess, it has been found that this relation is also valid for the
glass transition process [36] and hence the above equation
reduces to the following form for glass transition kinetics.

B —E,
In F = <R_Tg> + constant (11)
g
Variations of ln(B/ng) versus 1000/T, were plotted and

activation energy of glass transition (E,) has been calcu-
lated from the slope of these plots.

4 Results and discussion
4.1 DSC curve

Glass transition phenomena can be conveniently observed
by differential scanning calorimetry (DSC). DSC is able to
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measure the amount of energy absorbed or released dur-
ing transition. Glass transition occurs as the temperature
of an amorphous solid is increased and characterized by
a decrease in viscosity. This transition is an endothermic
process and appears, at the glass transition temperature as
a small dip of the DSC curve [39]. The DSC curves, for
the glassy alloys Seg,_,Te sSb, (x=0, 4, 8 and 12 at.%)
were recorded at four heating rates of 5, 10, 15 and 20 K/
min. Figure la—d show the typical DSC thermogram for
Seg,_,TegSb, (x=0, 4, 8 and 12 at.%) at heating rate
20 K/min. It is clear from these figures that well-defined
endothermic peaks are observed at the glass transition tem-
perature (Tg). Similar DSC curves were observed for other
compositions at heating rates 5, 10 and 15 K/min. Single
glass transition has been observed for the studied compo-
sitions (x=0, 4, 8 and 12 at.%). This implies that all four
studied compositions are homogeneous.

4.2 Glass transition temperature (Tg)

Endothermic peak corresponds to the glass transition
phenomenon which is represented by the glass transition
temperature (T,). T, has been defined as the temperature
which corresponds to the intersection of two linear por-
tions adjoining the transition elbow of the DSC traces in
the endothermic direction [3]. The values of glass transi-
tion temperature for present glassy alloys at different heat-
ing rates are given in Table 1.

As evident from this table, it is observed that the char-
acteristic glass transition temperature shifts towards the
higher values as the heating rate increases from 5 to 20 K/
min. In addition, Tg increases with an increase in Sb con-
tent at the same heating rate. Variation of T, with Sb con-
tent in Seg, _,Te sSb, (x=0, 4, 8 and 12 at.%) glassy alloy
is shown in Fig. 2.

The Sb atom has a larger atomic/ionic radius than Se
and Te atoms. Thus, when Sb is added to the Se-Te lat-
tice, the lattice distorts due to the disturbed Vander Waal
type forces between chains and the rings of the chalcogen
atoms. The distortion in the lattice gives rise to more three-
dimensional disorder in the material. It seems therefore that
introduction of Sb in Se-Te system introduces some struc-
tural changes. The increase of T, with initial addition of Sb
could be accounted for by cross linking in the chains which
increases the chain length thereby enhancing T,.

4.3 Dependence of glass transition temperature
on heating rate

The glass transition temperature T, represents the strength
or rigidity of the glassy structure of the alloys. It is well
known that glass transition temperature T, of glassy alloys
varies with the heating rate p [40-44]. Firstly, Lasocka
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Fig. 1 DSC scans taken at heating rate 20 K/min for Seg, _,Te,sSb, glassy alloys. ax=0,b x=4,c¢x=8,dx=12

Table 1 The values of glass transition temperature (Ty) in K for
Seg, _Te sSb, (x=0, 4, 8 and 12 at.%) glassy alloys at different heat-
ing rates.

Heating Glass transition temperature (T,) for different samples
rate (K/

min) Seg,Te;g  SessTeSb,  Se; TegSbg  SeqoTegSby,
5 336 348 357 361

10 339 351 361 365

15 341 353 363 368

20 343 355 369 370

studied the effect of heating rate on glass transition tem-
perature T, of splat cooled TegsGe, 5. Lasocka measured the
T, of Te-Ge alloy over a wide range of heating rate § from
1.25 to 80°/min. The results are described by a linear plot
[45].

T, = A + Blogp (12)

where A and B are constants for a given glassy composition
(A =386 K and B=14.88 for Teg;Ge,5 glassy alloy). Since
the function T,(log P) is linear, it was possible to obtain
the exact T,= A value by extrapolation of the data to f=1.
Depending on f, various configurational states of the meta-
stable melt are obtained upon heating of glass in the DSC
experiments. Thus, the nature of the function T,(log ) may
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Fig. 3 Plot of T, versus log f for glassy Seg,_,Te,sSby glassy alloys

elucidate somewhat the rate-dependence of the configura-
tional changes, or to some extent give information on the
kinetics of the glass to supercooled-liquid transition.

The above empirical relation (Eq. 12) has been applied
in the present paper to study the heating rate dependence of
glass transition temperature (T,) of Se—Te—Sb glassy alloys.

The plot of T, versus log p for the Seg, _, TegSb, (x=0,
4, 8 and 12 at.%) glassy alloys is shown in Fig. 3. From the
linear relationship, the values of A and B are deduced and
listed in Table 2.

The value of A indicates the glass transition temperature
(T,) for a heating rate of 1 K/min. The values of B depends
on the cooling rate during the preparation of the glass, the

@ Springer

agreement with the experimental data. The different val-
ues of B obtained in Table 2 clearly indicate that all alloys
undergo different structural changes. Variation of kinetic
parameters B with composition in Seg,_,Te,sSb, glassy
alloys is shown in Fig. 4.

4.4 Evaluation of activation energy (E,) for glass
transition

Using Moynihan’s relation (see Eq. 3), the variations of Inf}
against 1000/T, were plotted for Seg, _,Te;sSb, (x=0, 4, 8
and 12 at.%) glassy alloys. These plots are shown in Fig. 5.
The slope of these plots was used to calculate the activation
energy of glass transition process. The evaluated values of
activation energies (E,) using Eq. 3 is listed in Table 3.

The values of E, are also evaluated using Kissinger’s
method (see Eq. 11) from the slopes of plots of ln(B/ng)
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alloys

Table 3 The values of activation energy of glass transition (E,) for
Seg,_,Te sSb, (x=0, 4, 8 and 12 at.%) glassy alloys

Samples E, (kJ/mole)
Kissinger method Moynihan method
Seg,Teg 163.72 161.45
Se,sTe gSb, 187.53 184.49
Se,,Te,gSbyg 188.60 190.69
SeqoTe gSb, 205.36 201.32
m SegaTeqg
a = Se7gTeqgSbhy
-8.8 1 Se74TeqgSbg
] N m Se7qTeqgSbq2
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Fig. 6 Variation of lnﬁ/Tg2 versus 1000/T, for Seg, ,Te,sSb, glassy
alloys

against 1000/T, for various glassy systems. The plots
of ln(B/ng) versus 1000/T, are also shown in Fig. 6 for
Seg, _Te;gSb, (x=0, 4, 8 and 12 at.%) glassy alloys. These
values are also given in Table 3. It is clear from Table 3
that E, values obtained from Kissinger’s method are in

—a—Kissinger's Method

26 e Moynihan's Method
n
L ]
24
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£ n ’
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X 22
>
w
20
]
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Fig. 7 Compositional dependence of activation energy of glass tran-
sition (Eg)

good agreement with the E, values obtained using Moyni-
han’s method. This means that one can use any of the two
equations (Egs. 3, 11) to calculate the activation energy of
the glass transition.

4.5 Composition dependence of the activation energy
of the glass transition (E,)

The composition dependence of the activation energy of the
glass transition is shown in Fig. 7. From Fig. 7, it is clear
that the value of E, is minimum for binary composition. In
ternary glassy alloys E, is minimum for 4 at.% of Sb and
the increasing sequence of E, is (Ey),—4 <(Ej),—g <(E,),=12-
The increase in E, due to addition of Sb in binary Se-Te
system can be explained in terms of average heat of atomi-
zation (Hg) for these alloys. The average heat of atomiza-
tion, Hg, is based on chemical bonding aspects which is
defined for a binary alloy X,Y as a direct measure of cohe-
sive energy, i.e., of the average bond strength. Hg can be
given as:

H = [a(Hg)x + b(Hg)y] 13
(a+b)

For a ternary alloy X,Y,Z., it can be expressed as:

_ [a(Hg)x + b(Hyg)y + c(Hy),]

(a+b+c) 14

S

where (Hg)x, (Hg)y, (Hg), are the heat of atomiza-
tion of atoms X, Y and Z respectively. The Hg values of
Se, Te and Sb are 227, 197 and 262 kJ/mol respectively.
The value of Hg for binary alloy Seg,Te;q and ternary

@ Springer
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Table 4 The average bond strength of ternary Seg, _,Te;sSb, (x=0,
4, 8 and 12 at.%) glassy alloys

Sample Hg (kJ/mol)
Seg,Te g 221.60
Se,gTe sSb, 223.00
Se,,Te sSbg 224.40
Se;Te sSby, 225.80

Table 5 The thermal stability parameter AT, S, Hruby parameter H,,
and parameter y for Seg,_, TegSb, (x=0, 4, 8 and 12 at.%) glassy
alloys

Sample AT(K) S H, y

Seg,Te g 86 12.78 0.89 0.49
Se;sTe sSby 62 9.20 0.56 0.47
Se,,Te sSbg 51 5.25 0.47 0.44
Se;oTe sSby, 62 6.10 0.53 0.48

alloys Seg, _,Te sSb, (x=0, 4, 8 and 12 at.%) are given in
Table 4. From this table, it is clear that the value of Hg is
larger for ternary alloys as compared to that of binary alloy.
This explains the higher values of E, for ternary alloys as
compared to that of binary Seg,Te; alloy.

5 Thermal stability and glass forming ability

Various quantitative methods are suggested to evaluate the
level of stability of the glassy alloys. The glass transition
temperature affords valuable information on the proper-
ties of many materials for example, on their glass forming
ability, thermal stability of the glassy state, and even on the
kinetics of crystal growth. Glass formation is essentially a
kinetic process, it is favored when the melt can be signifi-
cantly under cooled to low enough temperatures so that the
viscosity of the under cooled melt is high and consequently
it gets frozen into the glassy state. The first stability crite-
rion was introduced by Dietzal [46]. This approach inves-
tigates the difference between T, and T, as AT=(T,-T,)
which is used as criterion to decide the thermal stability in
the glasses. The problem with the AT parameter is that it
considers only the stability of the glassy phase against crys-
tallization and not the ease of glass formation [47]. A large
AT value may indicate that the under cooled liquid can
remain stable in a wide temperature range without crystal-
lization, thus leading to a larger GFA of the alloy.

Hruby proposed a method which allows fast evalua-
tion of glass-forming tendency based on relative position
of the recrystallization, transformation and melting tem-
peratures. These temperatures are determined by means
of DSC. One assumes that the glass-forming tendency is
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proportional to the thermal stability of glass. The glass-
forming tendency is expressed numerically, thus enabling
one to compare different kinds of glasses and the influ-
ence of various impurities. The validity of the model is
experimentally verified on various systems [48-51].

Hruby [52] has introduced a parameter H,, which com-
bines both nucleation and growth aspects of phase transfor-
mation, as an indicator of GFA, and is given by

(T, — T,

H, = T T (15)

where T, is the melting temperature. A higher value of
(T,_T,) delays the nucleation process and the small value
of (T,,_T,) retards the growth process. If H,<0.1 the glass
is usually difficult to prepare. Good glass former has values
of H,>0.4 [53].

Saad and Poulin [54] have looked for simple elements
allowing stability evaluation. The comparison between
DSC scans showed that, among other features, more sta-
ble glasses show broader exotherms. Since DSC scans are
carried out at a constant heating rate, therefore peak width
is directly related to the time necessary for crystallization.
As this width is not always easy to measure on real curves,
so they have chosen to consider the difference (T,—T,)
between the temperature of the maximum of the exotherm
and the crystallization onset. Finally, the new criterion
appeared as

o M= To(T, ~ T

T

(16)

where T, is the peak crystallization temperature.

Lu and Liu [55, 56] has proposed a conceptual approach
to evaluate glass-forming ability for various glass-forming
systems has been proposed from a physical metallurgy
point of view. It was found that the glass-forming ability for
non-crystalline materials was related mainly to two factors,
Le., I/(Ty+T,) and T, (where T, is the onset crystallization
temperature, T, the glass transition temperature, and T, the
melting temperature), and could be estimated by a unified
parameter y given as

T

C

V=
T, + T,

a7

Lie and Liu method has been confirmed and validated
by experimental data in various glass-forming systems. The
ideal value is found to be equal to 0.5 for y parameter. The
obtained result for the prepared glassy alloys shows that
studied compositions have good glass forming ability. Vari-
ous thermal stability parameters have been estimated for
Seg, _Te,3Sb, glassy alloys and listed in Table 4.
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From Table 5, it is clear that all thermal stability
parameters decrease with an increasing content of Sb in
Seg, _Te gSb, glassy alloys. It indicates that maximum val-
ues of various parameters of thermal stability are observed
for 4 at.% of Sb.

6 Conclusion

Se-Te—Sb glassy alloy has been prepared using melt
quench technique. Glass transition kinetics and thermal
stability of Seg,_,Te Sb, (x=0, 4, 8 and 12 at.%) glassy
alloys have been studied using DSC technique. The major
conclusions are:

1. Glass transition temperature (T,) increases with
increase in concentration of Sb in Se-Te matrix which
may be attributed to the fact that addition of Sb results
into cross —linking the chains which increase the chain
length which is responsible for enhancement of T,.

2. Activation energy of glass transition (E,) has been
evaluated using Kissinger and Moynihan relations. The
activation energy (E,) increases with Sb content. The
higher value of E, for ternary alloys as compared to
that of binary Seg,Te;g alloy is explained in terms of
average heat of atomization for these alloys.

3. Thermal stability parameters AT, S, H, and y decreases
with increase in concentration of Sb in Seg, _,Te ¢Sb,
(x=0, 4, 8 and 12 at.%) glassy alloys. It has been
observed that among ternary compositions Seg,Te;sSb,
is more thermally stable.

Thus, from studied all Seg,_,Te;sSb, (x=0, 4, 8 and
12 at.%) glassy alloys the optimum composition for phase
change optoelectronic applications is found in Se,3Te 4Sb,.
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