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Abstract This paper presents the results of kinematical
studies of glass transition and crystallization in glassy
Segs_.Te sSb, (x = 2, 4, 6 and 8) using differential scan-
ning calorimetry (DSC). From the dependence on heating
rates of, the glass transition temperatures (7,), and tem-
perature of crystallization (7,) the activation energy for
glass transition (E,) and the activation energy for crystal-
lization (E.) are calculated and their composition depen-
dence can be discussed in term of the average coordination
number and cohesive energy. The thermal stability of
Segs_, Te 5Sb, was evaluated in terms of criterion AT =
T. — T, and kinetic criteria K(T) and K(7},). By analyzing
the crystallization results, the crystallization mechanism is
characterized. Two (two- and three-dimensional growth)
mechanisms are working simultaneously during the amor-
phous—crystalline transformation of the Seg;Te;sSb; alloy
while only one (three-dimensional growth) mechanism is
responsible for the crystallization process of the chalcog-
enides Segs_,TesSb, (x = 4, 6 and 8) glass. The phases at
which the alloy crystallizes after the thermal process have
been identified by X-ray diffraction.
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Introduction

Chalcogenide glasses exhibit many useful electrical prop-
erties including threshold and memory switching [1-3].
These electrical properties are influenced by the structural
changes and could be related to thermally induced transi-
tions [4, 5]. In chalcogenide glassy systems, glasses
exhibiting no exothermic crystallization reaction above the
glass transition temperature (7,) show a threshold switch-
ing type [6, 7]. On the other hand, glasses exhibiting an
exothermic crystallization reaction above T, exhibit a
memory type of switching. Memory switches come from
the boundaries of the glass-forming regions where glasses
are stable and have a tendency to crystallize when heated
or cooled slowly [8—10]. Glassy alloys of chalcogen ele-
ments were the initial object of study because of their
interesting semiconducting properties [11] and more recent
importance in optical recording [12]. Recording materials
must be stable in the amorphous state at low temperature
and have a short crystallization time. Promising materials
with these characteristics have been recently studied [13].
Among chalcogenide glasses, Se-Te alloys have gained
much importance because of their higher photosensitivity,
greater hardness, higher crystallization temperature, and
smaller aging effects as compared to pure Se glass. The
effect of incorporation of Sb on the electrical properties of
these alloys has been studied by various workers [14-17].
In general, it is observed that the dc conductivity increases,
the activation energy for dc conduction decreases, the
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thermoelectric power decreases, and the photoconductive
decay becomes slower on incorporation of Sb in the binary
SegoTesq alloy. In order to explain the above results it is
generally assumed that the addition of Sb in the Se-Te
system leads to a crosslinking of Se-Te chains which
enhances the disorder in the system and hence leads to a
deeper penetration of the localized state into the energy
gap. This paper presents:

(a) The results of kinematical studies of glass transition
and crystallization in glassy Segs_,Te sSb, (x = 2, 4,
6 and 8) using differential scanning calorimetry
(DSC). From the dependence on heating rates of
(T), and (T},) the activation energy for glass transition
(E,) and the activation energy for crystallization (E.)
are calculated and their composition dependence can
be discussed in term of the average coordination
number and cohesive energy.

(b) The evaluating of thermal stability of Segs_,Te;sSb,
in terms of criterion AT =T, — T, and Kinetic
criteria K(T,) and K(T,).

(c) Characterization of the crystallization mechanism in
terms of crystallization results.

(d) Identification of the phases at which the alloy
crystallizes after the thermal process using X-ray
diffraction.

Experimental

Bulk chalcogenide Segs_,Te;sSb, (2 < x < 8 at.%) glas-
ses were synthesized in silica tubes from their components
of high purity (99.999%). In order to avoid oxidation of
the samples the tubes were evacuated to 10~* Pa. The
ampoules were put into a furnace at around 1,100 K for
24 h and inverted at regular intervals of time to ensure
homogeneous mixing of the constituents. The ampoules
were quenched in a water bath to avoid crystallization of
the melts. Both the homogeneity and the compositional
contents of the prepared samples were checked using
energy-dispersive analysis of X-rays (EDAX). It was found
that the percentage ratios of the constituent elements were
close to the values taken for the starting alloys. The glassy
nature of the materials was confirmed via X-ray scanning
in a Philips diffractometer 1710, using Cu as target and Ni
as filter (4 = 1.542 A). The calorimetric measurements
were carried out in a differential scanning calorimeter
Shimadzu 50 with an accuracy of +0.1 K. The calorimeter
was calibrated, for each heating rate, using well-known
melting temperatures and melting enthalpies of zinc and
indium supplied with the instrument. Twenty milligram
powdered samples, crimped into aluminum pans, were
scanned at continuous heating rates (f =5, 10, 20, 30,
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40 K min_l). The temperatures of the glass transition, T,
the crystallization extrapolated onset, Tj,, and the crystal-
lization peak, T}, were determined with an accuracy of
+1 K.

Results and discussion
Thermal analysis

Figure 1 shows the DSC traces for Segs_,Te;sSb, (2 < x
< 8 at.%) glassy alloys at heating rate f = 10 K min™",
displaying the glass transition, 7, and crystallization peak
at T, at p=10K min~!. The values of T, and T, are
listed in Table 1.

The activation energy of enthalpy relaxation of the glass
transition, or activation energy of glass transition, E,, of the

investigated glass can be determined using the Kissinger
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Fig. 1 Typical DSC trace of Segs_,Te sSb, (2 < x < 8 at.%) glassy
alloy at heating rate, f = 10 K min~!
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Table 1 The values of thermal

- xat% N, BKmin~' T/K  EJ/kIimol™' CEeV T/K  EJkImol™' ATK
parameters of glass transition
temperature T, crystallization 2 2025 3452 5717 1.93 308 75.03 35.93
temperature, 7, and thermal
stability criteria AT with 10 3553 408.1 35.89
different heating rates f and 20 368.9 421.7 34.26
also both activation energy of 30 3747 427.6 34.46
glass transition, E, and 40 381 4338 3415
activation energy of ’ ’
crystallization E,. Beside the 4 2.04 5 349.7 61.99 1.949 406.1 83.58 38.43
values of average coordination 10 361.2 417.7 36.89
number, NC and cohesive 20 372.9 4293 37.26
energy, CE as a function of 30 178 4352 3746
composition 8.7 ) 7.
40 384 440.4 38.15
6 2.06 5 355.2 67.81 1.968 412.4 91.35 39.93
10 362.8 420 42.39
20 374.9 432.1 42.26
30 380.7 438 42.46
40 387 444.2 42.15
8 2.08 5 360.2 72.87 1.987 416.9 97.52 40.93
10 369.3 426 42.89
20 379.4 436.1 42.76
30 385.2 442 42.96
40 391.5 448.2 42.65

formula, which was originally derived for the crystalliza-
tion process and suggested to be valid for the glass tran-
sition [18]. This formula has the following form;

In (T;/,B) = E,/RT, + const. (1)

where R is the universal gas constant. Values of E, can be
estimated from the In Té p)—1 / T, relation for different
Sb contents. The subscript’ g denotes the values corre-
sponding to the glass transition temperature. Figure 2
shows the verification of the linearity of In (Té / ﬁ) -1/T,
relation for the studied chalcogenide. The values of the
activation energy of glass transition obtained for the glass
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Fig. 2 Plot of In (Té / ﬁ) vs. 1000/T; of the analyzed materials

transition are listed in Table 1. Figure 3 shows the
increasing trend of E, with the increase of Sb content.

Loffe and Regel [19] have suggested that the bonding
character in the nearest neighbor region, i.e., the average
coordination number N, characterizes the electronic
properties of semiconducting materials. The average
coordination number N, in ternary compounds Se, Te,Sb, is
generalized as [20]

N; = xCN(Se) + yCN(Te) + zCN(Sb) (2)

Calculated data of N, for the Segs_x)Te;sSb, system, using
the values of coordination 2, 2 and 3 for Se, Te and Sb,
respectively. It can be seen that N. increases with
increasing Sb content which has higher coordination
number than Te. The increase of T, with increasing Sb
content may be attributed to the marginal increases, which
occur in the average coordination numbers of these alloys
with increasing Sb content.

For the evaluation of activation energy for crystalliza-
tion (E.) by using the variation of T}, with f§, Vazquez et al.
[21] developed the proposed method by Kissinger [18] for
non-isothermal analysis of devitrification as follows:

In [Tg / /3} — E./RT, + In(E/RKy) (3)

From the experimental data, a plot of In [Tg / /3} versus
1/T,, has been drawn for different compositions showing
the straight regression line in Fig. 4.

The activation energy, E., and the frequency factor, K,
are then evaluated by least squares fitting method of Eq. 3.
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Fig. 3 Activation energy of transition E, as a function of Sb content
in Segs_,Te sSb, (2 < x < 8 at.%) glassy alloy

Figure 5 shows the values for both E, and K|, as a function
of Sb content. The values of the activation energy of
crystallization obtained are listed in Table 1. The trend of
activation energy for crystallization (E.) can be interpreted
in terms of the bond energies as follows.

The bond energies D(A — B) for heteronuclear bonds
have been calculated by using the relation [19]

D(A—B) = [D(A — A) x D(B = B)]'*+30(14 — 1)’
4)

where D(A — A) and D(B — B) are the energies of the
homonuclear bonds, y4 and yp are electronegativity values
for atoms involved. The electronegativity values are 2.55,
2.1 and 2.05 for Se, Te and Sb, respectively. The
homonuclear bonds D(A — A) are 44.04, 33 and 30.22 for
Se, Te and Sb, respectively. The types of bonds expected to
occur in the system under investigation are Se-Te (D =
44.147 kecal mol™"), Te-Sb (D = 31.654 kcal mol™") and
Se-Sb (D = 43.981 kcal molfl). The assumption [22]
mentioned above can be applied directly and its ambiguity
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Fig. 4 Experimental plot of In T[% B ) vs. 1000/T, for the peaks and
straight regression lines for Segs_,Te;sSb, (2 < x < 8 at.%) glassy
alloy (fin K s™"
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Fig. 5 The activation energy of crystallization for E., and frequency
factor, K, for the of analyzed materials

about the formal order in which the bonds are formed. After
all these bonds are formed, there are still unsatisfied Se
valences, which must be satisfied by the formation of Se—Se
bonds. Knowing the bond energies, we can estimate the
cohesive energy (CE), i.e. the stabilization energy of an
infinitely large cluster of the material per atom, by summing
the bond energies over all the bonds expected in the system
under test. This is equivalent to assuming a simplified model
consisting of non-interacting electron pair bonds highly
localized between adjacent pairs of atoms. The CE of the
prepared samples is evaluated from the following equation:

CE =Y CDi/100 (5)

where C; and D; is the number of expected chemical bond
and the energy of each corresponding bond. The results of
(CE) are listed in Table 1. It is observed that the CE
increases with increase of Sb content, meaning that the
average stabilization energy increases. The increase of CE
implies higher bonding strength, leads to increase in the
temperature of crystallization, thus the activation energy of
crystallization.

Thermal stability of chalcogenide glasses

The thermal stability, AT =T, — T, [23], is a rough
measure of the glass thermal stability, where T, is the onset
temperature, so the larger differences between T. and T,
indicating more thermal stable glasses. The values of AT
criterion of different composition are listed in Table 1 as
AT. 1t is found that the values of AT increase with
increasing Sb content. It means that the thermal stability
increases with increasing the Sb content in Segs_,Te 5Sb,
alloy system.

According to the formal theory of transformation
kinetics, the kinetic parameter or the reaction rate constant
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K has glass transformation temperature dependence
according to the relation [24];
K(T) = Koexp(—E./RT) (6)

where E. is the effective activation energy for crystal
growth and R is the gas constant. The kinetic parameter,
K(T), with the above Arrhenius temperature dependence,
can be introduced as a stability criteria. Surinach et al. [25]
and Hu and Jiang [26] introduced two parameters,

K (T,) = Koexp(—E./RTy) (7a)

K(T,) = Koexp(—E. /RT,) (7b)

The larger the values of these parameters, the greater ten-
dency to devitrify. The values of K(T,) and K(T},) as a
function of T, and T, for different compositions are shown
in Fig. 6a and b. From the two figures, the values of K(T)
and K(T,) at a two fixed temperatures (T, and Ty, for
Fig. 6a and T, and T, for Fig. 6b) decrease with
increasing Sb content. According to the literature [26-29],
the smaller the values of K(7,) and K(T},), the better should
be the glass-forming ability of the material. So the data for
both K(T,) and K(T,) in Fig. 6a and b indicate that the
thermal stability increases with increasing Sb content.
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Fig. 6 a Plot of K(T,) vs. T, for Segs_,Te;sSb, (2 < x < 8 at.%)
glassy alloy. b Plot of K(T,) vs. T, for Segs_,Te;sSb,
(2 < x < 8 at.%) glassy alloy

Crystallization kinetics of glasses

Figure 7 depicts the DSC traces for the first crystallized
peak of SegsTe;sSb, at f = 10 K min~', besides the
fraction, y, (crystallized at a given temperature 7) given by
1 = A1/A, where A is the total area of the exothermic peak
between the temperature, 7; (the initial of crystallization)
and the temperature, T; (the full crystallization), At is the
area between T; and T. The graphical representation of the
crystallized volume fraction, shows the typical sigmoid
curve as a function of temperature for different heating
rates for the first crystallization curve of Segs;Te;sSb,
(Fig. 8) based on mentioned work elsewhere [30-32].
The theoretical basis for the interpreting of the DSC
results is provided by the formal theory of transformation
kinetics as developed by Johnson and Mehl [33] and
Avrami [34, 35]. The ratio between the ordinates of the
DSC curve and the total area of the peak gives the corre-
sponding crystallization rates that make it possible to build
the curves of the exothermal peaks depicted in Fig. 9. It

SegzTe 5Sb, B =10 K/min
AT
o
<
L
AT
g Base line
[ T
0 =T v T T 1Ll
380 390 400 410 420 430
T(K)

Fig. 7 DSC traces for SegsTe;sSb, at f =10 K min~!, the lined
area At shows between T; and T of the peak. T;, Tt and T according to
the text
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Fig. 8 Crystallized fraction, y as a function of temperature for the
peak of Segs;Te 5Sb, alloy composition at different heating rates
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Fig. 9 Crystallization rate versus temperature of the exothermal
peaks of Seg3Te sSb, alloy at different heating rates

was observed that the (dx/d?), values increase as well as the
heating rate, a property that has been widely discussed in
the literature [36]. From the experimental values of the
(dx/df), one can calculate the kinetic exponent 7 by using
the following equation:

(dz/dr),= n(0.37BE.) /RTg (8)

Finally, the experimental data of T, and (dx/d?), shown
in Tables 1 and 2, respectively, along with the values of the
activation energies of crystallization process, make it
possible to determine, through Eq. 8, the kinetic exponent,
n, using five experimental heating rates for the crystallized
peaks (Table 2). The mean values, (n), are listed in
Table 2. Allowing for experimental error, the value of (n)
is close to 3 for all different compositions. The kinetic
exponent was deduced based on the mechanism of crys-
tallization [37]. The (n) value of the kinetic exponent of the
as quenched glass is consistent with the mechanism of
volume nucleation with three-dimensional growth for all
different compositions [37].

Depending on the n-value [38], non-integer value of
n = 2.6 means that two crystallization (two- and three-
dimensional growth) mechanisms are working simulta-
neously during the amorphous—crystalline transformation
of the Seg3Te;5Sb, glass while integer value of n indicates
that only one (three dimensional growth) mechanism is
responsible for the crystallization process of the Segs_
+Te1sSb, (x = 4, 6 and 8) glass. It was supposed [39] that
small antimony addition (~2 at.%) leads to cross-linking
of the chains to some extent, creating a two-dimensional
network. Further addition of antimony breaks the chains
and forms large number of smaller chains. The natural
tendency of antimony atoms is to create either a trigonal,
bipyramidal or octagonal environmental with more or less
covalent bonds. The Sb contributes to change the weak
bonding between the Se-Te polymeric chain to relatively
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Table 2 Maximum crystallization rate (dy/ds), kinetic exponent n
and average kinetic exponent (n) for Ses_yTeisSb, (2 <x
< 8 at.%) glass with different heating rates f§

x/at.% B/K min~" (dy/dr) x 1072 s~ n (n)
2 5 4.75 2.67 2.7
10 9.08 2.69
20 17.16 2.71
30 24.94 2.7
40 32.54 2.72
4 5 5.63 3 3.02
10 10.77 3.03
20 20.34 3.03
30 29.56 3.01
40 38.57 3.02
6 5 6.34 3.18 3.16
10 12.11 3.15
20 22.89 3.15
30 33.25 3.14
40 43.39 3.16
8 5 6.69 3.22 3.19
10 12.78 3.21
20 24.16 3.18
30 35.1 3.16
40 45.8 3.18

strong covalent bonds [39]. Three-dimensional growth
responsible for crystallization of the Segs_,Te;5Sb, (x = 4,
6 and 8) glass could be related to the formation of ternary
crystalline phase such as Sb,TeSe,.

Identification of phases using XRD

To identify the possible phases that crystallize during the
thermal treatment applied to the samples, the X-ray dif-
fraction patterns of Seg3Tel5Sb2, Se79Tel5Sb6, Se77Tel5Sbg
alloys annealed at temperatures beyond the peak of crystal-
lization temperatures with a heating rate of 10 K min~" for
2 h are shown in Fig. 10. The diffractograms of the trans-
formed material after the crystallization process suggest the
presence of microcrystallites of three phases. From the
JCPDS files these peaks can be identified as, (1) Antimony
Tellurium Selenide, Sb,TeSe, (40-1211), which crystallizes
in the rhombohedral system with lattice parameters a =
b = 0.4121 nm, ¢ = 2.9549 nm, (2) Antimony, Sb (card
No. 5-0562), which crystallizes in the rhombohedral struc-
ture with lattice parameters a = b = 0.4307 nm nm and
¢ = 1.1273 nm), and (3) Selenium, Se (card No. 1-0848),
which crystallizes in the hexagonal structure with lattice
parameters a = b = 0.434 nm and ¢ = 0.495 nm, while
there remains also an additional amorphous phase as shown
in Fig. 10. Although the same crystalline phases could be
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Fig. 10 XRD patterns of crystallized Segs_,Te;sSb, (x = 2, 6 and
8 at.%) alloy samples

identified in all the samples, intensity differences between
the dominant peaks of each phase can be observed.

Conclusions

The results presented and discussed along this manuscript
have shown that addition of Sb influences the thermal
stability and crystallization kinetics, through the induced
changes in phase kinetics and in the compositions of
amorphous and crystalline phases. The T, T}, E, and E. for
the Segs_,Te sSb, (x = 2, 4, 6 and 8) glassy alloys showed
an increasing trend with increasing Sb. The increasing of
E, can be interpreted in terms of increasing of N, with Sb
content. And also the increasing of E, can be interpreted in
terms of increasing of CE with Sb content. The amount of
Sb played a significant role in the crystallization behavior
of the Se-Te chalcogenide glass, where an increase in Sb
content turns the glasses more stable through increasing of
AT and decreasing of both K(7,) and K(7}), which may be
related to the increase in Sb,TeSe, phase via increasing the
intensity of this phase. The calculated Avrami parameters
for the different crystalline phases confirm that the two
(two- and three-dimensional growth) mechanisms are

working simultaneously during the amorphous—crystalline
transformation of the Seg3Te;sSbs alloy while only one
(three-dimensional growth) mechanism is responsible for
the crystallization process of the chalcogenides Segs_
+TejsSb, (x =4, 6 and 8) glass. The X-ray diffraction
analysis of the thermal treated alloys revealed the presence
of microcrystallites of Sb,TeSe,, Se and Sb and a
remaining additional amorphous matrix.
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