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Abstract Effect of Ag doping on the crystallization
kinetics of amorphous SeggsBi;sTe;g_yAg, (for y =0,
1.0, 1.5, and 2.0 at.%) glassy alloys has been studied by
differential scanning calorimetry (DSC). The DSC curves
recorded at four different heating rates are analyzed to
determine the transition temperature, activation energy,
thermal stability, glass forming ability, and dimensionality
of growth during phase transformation. Present study
shows that the thermal stability and the glass-forming
ability increase with an increase in the Ag content which is
in agreement with the earlier studies. Our results show that
SegosBij sTegAg, composition is thermally more stable
and has a little tendency to crystallize in comparison to
other compositions under study. The increase in thermal
stability with increasing Ag concentration is attributed to
an increase in the cohesive energy.
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Introduction

Multinary amorphous semiconducting materials are of
ample interest due to their abundant structural features and
distinct properties. These materials contain characteristic
features of disordered materials and some properties of
crystalline semiconducting materials. Especially, the
metallic chalcogenide glasses have received adequate
attention due to their potential applications in active and
passive thermoelectric, electronic, and optical devices [1].
They are emerging as promising materials with their use in
optical memories and switching devices, electrophotogra-
phy, X-ray and thermal imaging, ultra-high density phase
change storage, biosensors, and are recently used as a core
material in high efficiency fiber amplifiers [2-5]. The
memory and threshold behavior of these materials is deter-
mined by their crystalline ability. Threshold switches are
made near the center of glass-forming region and memory
switches come from the boundaries of the glass-forming
region. The materials which are stable and show little or no
tendency to crystallize, when heated or cooled slowly, are
vital in threshold switching while the materials that are more
prone to crystallization have application in memory
switching [6]. The glass structure and its thermal stability
play an important role in their applications. Hence, the
structural studies of chalcogenide materials are essential to
understand the transport mechanisms and thermal stability
[7]. Thermal stability of an amorphous chalcogenide alloys
mean resistance to crystallization and is known in term of
peak crystallization temperature (T},). Technological appli-
cations of metallic glasses insist the stability of these mate-
rials with time and temperature. Consequently, it is
significant to study the thermal stability, glass-forming
ability (GFA), and to establish a suitable range of operating
temperature for a specific technological application.
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The crystallization kinetics is an important tool to
understand the atomic processes involved in the formation of
crystalline phases. The most popular techniques used for
studying the crystallization kinetics of non-isothermal
transformation are differential scanning calorimetry (DSC)
and differential thermal analysis (DTA). Out of these two
techniques, DSC is preferred over DTA because it is simple,
sensitive, easy to carry out [8], quick, and needs very small
quantity of sample to measure the kinetic parameters [9].
The differential scanning calorimetric measurements in
chalcogenide materials can be performed by any of these two
methods: (i) isothermal and (ii) non-isothermal method [10].
In isothermal method, the material is quickly brought to a
temperature above the glass transition temperature and the
heat evolved is recorded as a function of time. On the other
hand, in non-isothermal method, thermo-analytical method
sample is heated at a constant rate and the heat evolved is
recorded as a function of time or temperature. The non-iso-
thermal method is preferred over the isothermal method due
to its several advantages. Non-isothermal analysis experi-
ments can be performed quickly and have wide temperature
range as compared to the isothermal analysis. Non-isother-
mal crystallization kinetics can be performed by several
methods [11-13] available in literature. In isothermal
method, because of inherent transitions associated with the
experimental setup, many of the phase transformations occur
so rapidly to be measured. Therefore, the non-isothermal
DSC technique has been widely used by the researchers to
study the crystallization kinetics of chalcogenide glassy
materials [14-20].

Among chalcogenide glasses, selenium (Se)-based
glasses are preferred because of their unique properties in
electronics, optics, and magnetism. From technological
point of view pure Se has some shortcomings which can be
overcome by alloying some elements to Se matrix. Addi-
tion of tellurium (Te) to selenium is known to improve the
corrosion resistance property of selenium and reduce the
electronic band gap of Se which makes the alloy important
for technological applications. Due to their unique prop-
erties the Se-Te semiconducting alloys are of significant
interest in various fields like sensors, laser materials, solar
cells, infrared detectors, thermoelectric cooling materials
[21], etc. But, the thermal instability leading to crystalli-
zation is one of the major drawbacks of these alloys. The
addition of impurities, like Bi, Sn, Sb, Ag, etc., to these
alloys is found to improve various properties like higher
glass transition temperature, higher crystallization tem-
perature, and thermal stability [22-24]. Addition of third
element to the binary alloy helps in forming the cross
linked structures thus increases the glass transition and
crystallization temperature of the binary alloy. The inser-
tion of Bi to Se-Te alloy has been seen to produce
remarkable changes, like p- to n-type conduction [25, 26],
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increase in chemical durability and broadening of the IR
transparency region. But, at the same time it reduces the
thermal stability of the material. On the other hand, silver
(Ag) easily alloys by bridging the chalcogenide chains and
makes the system stable [27]. Due to its ionic nature,
addition of Ag results in various structural changes in the
materials which in turn modify the band structure and
hence electrical properties of the material. Due to their
potential device applications in chemistry, optoelectronics,
biology, and in optics such as in optical memories, micro
lenses, waveguides, gratings, sensors, solid electrolytes,
batteries, photo doping, etc. [28-32], Ag-containing chal-
cogenide glasses have received profuse attention in glass
science and technology. They found applications in optical
memory/holography material and membranes of sensors
for potentiometric determination [10, 28, 33]. However, the
present work seeks to study the effect of Ag on Se-Te-
based quaternary glassy alloy. In Se-rich systems most of
the researcher’s have chosen the Se contents between 75
and 90 % which seems to be thermally stable thus a mid-
way concentration of Se is chosen.

In the present work, an attempt has been made to
study the crystallization kinetics of quaternary
SegosBij sTejg_yAg, chalcogenide glass by DSC tech-
nique under non-isothermal conditions. Non-isothermal
DSC scans are performed at four different heating rates,
1e.,at 2, 4,8, and 12 K min~'. Well-established theoretic
models are used to analyze the data of investigated glassy
alloys. The activation energy of glass transition has been
evaluated by Kissinger’s [34, 35] and Moynihan’s method
[36]. The crystallization process has been analyzed in terms
of kinetic parameters, like Avrami exponent, dimension-
ality of growth, and activation energy of crystallization,
using four different theoretic models proposed by Kissinger
[34, 35], Augis and Bennett [37], Mahadevan et al. [38],
and Matusita et al. [39]. Characteristic parameters, like
thermal stability and GFA, are also computed from the
heating rate dependence of glass transition temperature
(Ty) and peak crystallization temperature(7}).

Experimental

The glassy alloys of Segg sBi; sTejg_yAg, (for y =0, 1.0,
1.5, and 2.0 at.%), in bulk form, were prepared by melt
quenching technique. High purity (99.999 %) elemental
substances were weighed according to their atomic per-
centages and were sealed in quartz ampoules (length ~6 cm
and internal diameter ~8 mm) evacuated to a vacuum of
107 Pa, it avoids the reaction of the material with oxygen at
higher temperature. The sealed ampoules were heated in a
vertical furnace at an appropriate temperature of 1,323 K for
15 h by gradually increasing the temperature at the rate of
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3-4 K min~". The ampoules were rocked frequently during
heating to insure homogenization of the melt. After achiev-
ing the desired temperature and time the ampoules were
rapidly quenched into ice cooled water. The samples of
glassy material were separated from the ampoules by dis-
solving the ampoules in HF + H,O, solution for about 48 h.
The amorphous state of the bulk samples was confirmed by
X-ray diffraction as no prominent peak was observed in the
spectra. The crystallization behavior, in non-isothermal
conditions, was investigated using a differential scanning
calorimeter, Diamond Pyris (Perkin Elmer), with Al,O3
powder as reference material. The temperature and mass loss
detection limit of the instrument was 1 °C and 0.001 mg,
respectively. About 10 mg of powder sample was sealed in a
standard aluminum pan in a dry nitrogen atmosphere. Non-
isothermal DSC curves were recorded at the selected heating
rate of 2, 4, 8, and 12 K min~! in the temperature range
323-673 K. Each sample was heated at four different heating
rates and the change in heat flow as a function of temperature
was recoded to determine the glass transition temperature
(Ty), the peak crystallization temperature (7},), onset crys-
tallization temperature (7.), and melting temperature (7,,).

Results and discussion

The glassy state of Segy sBij sTeiz_yAg,y alloy is confirmed
from the XRD pattern shown in Fig. 1. DSC scans for all
investigated samples at a particular heating rate of
8 K min~' are reported in Fig. 2. Typical DSC curves of
Sego.sBij sTe 6.5A8; 5 glass at four different heating rates are
shown in Fig. 3. The DSC curves, shown in Figs. 2 and 3, are
characterized by three regions representing glass transition
region (endothermic phenomenon), crystallization process
(exothermic phenomenon), and melting region (endothermic
phenomenon). The appearance of single endothermic and
exothermic peaks in the DSC curves indicates that the
samples are homogeneous and exhibit a single phase [40].
The crystallization kinetics of any glassy material can be
better understood in terms of its characteristic temperatures,
i.e., glass transition T}, onset crystallization T, peak crys-
tallization 7}, and melting temperature Ty,. Values of these
temperatures with Ag concentration at different heating rates
are reported in Table 1 which reveals that the characteristic
temperatures Ty, T¢, and T}, increase with an increase in Ag
content as well as with the heating rate. Similar results for
other Ag-doped ternary chalcogenide glasses are reported
[10, 41] in the literature. It has been found that T, of a multi-
component system depends upon several independent
physical parameters, like coordination number, cohesive
energy, bond energy, band gap, and effective molecular mass
[10] of the material. The addition of Ag results in a heavily
cross linked glass matrix, Se-Se bonds (bond energy
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Fig. 1 X-ray diffraction pattern of Segy sBi; sTe s_,Ag, glassy alloy
fory =0 and 1.5

183.92 kJ mol ") are replaced by Se—Ag bonds (bond
energy 208.49 kJ mol™"). It is in accordance with chemi-
cally ordered network model where the heteropolar bonds
are favored over the homopolar bonds. Consequently, the
addition of Ag escalates the cohesive energy of the system
which leads to an increase in T}, of the system. Theoretically
calculated values of transition temperature (Y*gh) are also
given in Table 2 for comparison. The increase in T, with Ag
concentration may be ascribed to the increase in coordination
number, cohesive energy, band gap, and molecular mass of
the material. It is known that a very high cooling rate, during
quenching, give rise to new configurational energy states.
Various heating rates employed for DSC scans are different
from the cooling rate used for quenching. The greater is the
difference between these rates the larger is the structural
differences. It has been reported [24] that higher heating rates
offer higher T,,. From Table 1, itis observed that T increases
with an increase in Ag concentration, its values are
much higher than the room temperature. It means that
Sego.sBijsTejs_yAg, glassy system prevent the self-
transition of the material from one phase to another, i.e.,
crystalline to amorphous or vice versa, it is an essential
feature for technological applications.

Glass transition activation energy

Glass transition temperature is a measure of strength and
rigidity of a glassy network. Different methods are avail-
able in the literature to study the heating rate dependence
of the T,. The empirical relation proposed by Lasocka [42]
relates the glass transition temperature to the heating rates
p through the equation
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Fig. 2 DSC scans of Seg sBi; sTe 3_yAg, glasses at a heating rate of
8 K min~!

12 K min~1
o
>
m
= 8 K min—!
5
=
=
[0}
T
4 K min—!
@]
S|
b=
m
l 2 K min—!
350 400 450 500 550
Temperature/K

Fig. 3 DSC scans of SeggsBij sTe65Ag1 5 glass at different heating
rates of 2, 4, 8, and 12 K min~’

T, = A+BIn(p), (1)

where A and B are the constants that depend on the
material composition and heating rate used in DSC scans.
The variation of T, with In(f3) for all compositions is shown
in Fig. 4. The constants A and B are evaluated from the
intercept and slope of the plot. The calculated values of
A and B are consistent with values reported for other
chalcogenide glasses and are given in Table 2. Figure 4
reveals that the above equation is applicable and holds
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good for all samples under study. Literature shows [42] that
the constant B depends upon the cooling rate employed in
the sample preparation and reflects the effect of heating
rate on the structural changes with in the glass transition
region. The variation in the value of B, in Table 2, with Ag
content demonstrates the configurational changes occurring
in the samples with an increasing concentration of Ag. The
second approach to study the heat dependence of Ty is the
Kissinger formulation. In Kissinger formulation E, can be
obtained [34, 35] from the equation,

T2 E
In{ -2 | 4 const. = —%. (2)
B RT,

In Eq. (2), E, is the glass transition activation energy and
R is the universal gas constant. ln(Té/B) as a function of
1,000/T for different compositions of Segg sBi; sTejs_yAg,
glass is found to be a straight line as shown in Fig. 5a. The
slope of the plot gives the apparent activation energy E,.
Obtained values of E, given in Table 2 illustrate that the
energy of glass transition E, increases with an increase in Ag
contents. We have also studied the T, and 8 dependence of E,
using Moynihan relation [36],

In(p) = — Ly + const. (3)

RT,

The activation energy E, is obtained from the slope of the
plot In(f3) versus (1,000/T,) shown in Fig. 5b. The calculated
values of E, for all four compositions are reported in Table 2
which make it clear that the values of E, obtained by two
methods are in agreement and increase with an increase in Ag
content. These findings are in agreement with the earlier
findings reported [10, 41] for Ag-doped chalcogenide
glasses. Basically, E, is the energy required by a group of
atoms in glass transition region to jump from one metastable
state to the other possible [43] metastable state. When the
samples are heated in the furnace, during DSC scans, the
atoms undergo infrequent transitions between local potential
minimum separated by different energy barriers in the
configurational space. Each local minimum represents a
different structure and the most stable local minimum in the
glassy region have lower internal energy. Accordingly, the
atoms in the material with minimum activation energy have
maximum probability to jump to a metastable state having
minimum internal energy. Seg, s Bi; sTe;g glass has a minimum
value of E,, this particular glass has a larger probability to jump
to a state of lower configurational energy state.

Crystallization activation energy and reaction order (n)

It is well known that the thermal stability and GFA of an
amorphous alloy can be better understood in terms of the
crystallization temperature 7, and activation energy of
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Table 1 Values of characteristic temperatures, i.e., T, T. and T}, for Segg sBi; sTejg_yAgy, (v = 0, 1.0, 1.5, and 2.0) glasses at heating rates of
2,4, 8, and 12 K min™"

Y 2 K min~! 4 K min~! 8 K min~" 12 K min~!

T /K TJK T,/)K T /K T.JK T/K T /K TJK T,/K T/K TJK T,/K
0 33823 37021 38820  340.87 37591  397.49  343.84 37899  406.09 34531  381.50  409.28
1.0 33938 37279 39054  341.69  377.52  399.03  345.10  380.76  408.18 34631 38330  411.72
1.5 340.08 37446 39438 34236  378.50 40229 34632 38327 41257  350.51 388.46  420.44
20 34111 3769 397.02  343.09 38026  403.76  347.82  386.06  414.85 35338  391.89 42575

Table 2 Values of glass transition temperature TV, activation energy of glass transition E, and kinetic parameters, A and B for

Sego.s Bij sTeis—yAgy glasses

Composition Tgh/K Glass activation energy Ey/kJ mol ™! A/K B/K
Kissinger Moynihan

Sego.sBi; sTe;g 335.88 236.73 £ 14.8 24242 + 13.8 33542 £ 1.1 40+£20

Sego.sBi; sTe7Ag, 340.85 237.22 &£ 4.7 24391 &£ 5.7 336.47 + 3.7 39+ 06

Sego.sBij sTei65Ag) 5 345.21 253.56 £ 11.4 264.89 £+ 10.6 33745 £ 2.4 36+ 13

Sesos BijsTesAgs 348.32 269.75 + 17.5 281.44 £+ 16.7 338.51 £ 3.4 34+18
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B 342 +
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InfS

Fig. 4 Variation of 7, with heating rate In(f) for amorphous
Sego.sBij sTejs_yAg, glasses

crystallization E.. Hence, it is crucial to study the com-
position dependence of E. and T.. DSC is a valuable tool
for the quantitative study of crystallization kinetics in
amorphous materials. In literature, different methods have
been employed by various researchers [34-39, 44] to
estimate the activation energy of crystallization E.. In
amorphous materials, the crystallization mechanism can be
controlled by nucleation and growth processes which are
characterized by the activation energy of crystallization.
First, we evaluate the activation energy of crystallization
from the variation of the peak position of T}, by Kissinger’s
relation [34, 35], i.e.,

Ee L onst
= —— const.
RT, ’

B

In( = 4

%) Y
where T, is the peak crystallization temperature and E. is
the activation energy of crystallization. E. has been
determined from the slope of the plot ln([)’/Tg) against
1,000/T;, shown in Fig. 6a. The graph between 1n(ﬁ/T§) and
(1,000/T},) is a straight line, expected from the Eq. (4). The
calculated values of E, are given in Table 3. According to
Mahadevan et al. [38], if the variation in (l/Tg) with In(f)
is negligibly small compared to the variation in (1/7},), the
above equation approximates [38] to

(5)

E;

In(p) = —R—Tp -+ const.
In(f) as a function of 1,000/T,, for all compositions is
plotted in Fig. 6b. The apparent activation energy E. has
been computed from the slope of these plots and the
obtained values are given in Table 3. Augis and Bennett
[37] have also proposed a method to determine the
activation energy E. by the relation

(7 55)
n
T, — To

where T, represents the onset temperature of crystallization
and K is frequency factor which measures the probability
of molecular collision effective for the formation of the
activated complex. In case, if T}, > T, the above equation
reduced to the following relation [14],

—E
= = —|—11’1K0,

= (6)
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Fig. 5 Plotof a ln(ng/ﬁ) versus 1,000/, and b In(f) versus 1,000/T,
for Seg sBi; sTejs_yAg, glasses

By o —Ee
In( L) =~ In Ko. 7
n<TP RTP+n ’ ()

In(B/T,) as a function of 1,000/T}, is plotted in Fig. 7. The
plots of In(fB/T,) versus 1,000/T}, are straight line and the
slope of these plots gives E.. The frequency factor K, may
be computed from the intercept of the straight line with
vertical axis. It is insisted that Augis and Benett method is
a conventional method for the determination of E_ because
of its convenience and accuracy in the measurements of
heating rates. In addition to E., this method also evaluates
the frequency factor K, used for the description of phase
transformation. The values of K, obtained for the samples
under study along with E_ are reported in Table 3. The
frequency factor K is found to increase with increasing Ag
content which makes it clear that the crystallization ability
of SegosBisTe;s_yAg, glass decreases with increasing
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Fig. 6 Plot of a ln([)'/Tf,) versus 1,000/, and b In(f) versus 1,000/T,
for Sego sBi; sTejs_yAgy glasses

concentration of Ag. It is noticed that K, is maximum for
y = 2 which implies that SegysBi;sTe;sAgy glass has
maximum resistance to crystallization.

The most common model used to determine the acti-
vation energy of crystallization is JMA model [45-47],
derived for isothermal conditions. Attempts are made to
apply the JMA model for non-isothermal methods. In non-
isothermal methods, Matusita et al. [39] has related the
activation energy of crystallization to crystallized fraction
heated at constant rate f§ by the relation [39]

In[—In(1 — )] = —nlnf — 1.052mE, + const., (8)
RT

where y is the volume fraction of crystals precipitated in

the chalcogenide glass heated at uniform rate. At a par-

ticular temperature, say 7, the fraction y is given as At/A,

where A is the total area under the exotherm between

the onset crystallization temperature 7;, where the
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Table 3 Values of E., n, m, and K, in Seg sBi; sTe;g_yAg, glasses for different compositions

Composition Crystallization activation energy E./k J mol™' n m Ky/s™!

Kissinger Mahadevan Augis and Bennett Matusita

Sego.sBij sTe;g 103.39 £+ 10.2 110.02 £ 10.3 106.71 £+ 10.2 114.08 + 4.0 0.76903 1 221 x 10"
Sego.sBij sTe7Ag; 108.87 £+ 3.5 115.53 £ 3.6 112.20 £+ 3.7 116.46 £ 7.0 0.91975 1 2.65 x 10"
Sego.sBijsTeie5AL) s 106.74 + 4.4 11349 £43 110.12 + 44 110.72 £ 7.7 0.81478 1 5.24 x 10"
Sego.sBij sTejsAgs 98.35 £ 5.6 105.13 £ 5.7 101.74 £ 5.5 105.90 £+ 4.2 0.85814 1 1.40 x 10"
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4.4 4
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2.38 2.40 2.42 2.44 2.46 2.48 2.502.52 2.54 2.56 2.58
(1000/T /K-

Fig. 7 Plot of In(B/T,) versus 1,000/T, for SegsBi;sTe;s_,Agy
glasses

crystallization just begin, and Ty where the crystallization is
completed. At is the partial area under the exotherm between
the temperature 7; and 7. The particular temperature 7 is
chosen in between T; and T;. m and n are constants that
depend on the morphology of crystal growth mechanism and
dimensionality of the glassy alloy. For the as-quenched
alloys that contains no nuclei m is taken equal to n — 1. For
the glass containing sufficiently large number of nuclei m is
taken equal to n. In our case m = n — 1 because we are
investigating the as-quenched samples that contains no
nuclei. A plot of In[—In(1 — y)] versus In(f3), at fixed tem-
perature, yields a straight line as shown in Fig. 8a. The slope
of this line gives the Avrami exponent n. The average value
of n obtained from the slopes of the plots shown in Fig. 8ais
given in Table 3. For the as-quenched sample n can have
values between 1 and 4, depending upon the crystallization
mechanism occurring in the material. n = 1, 2, 3, and 4,
respectively represent surface nucleation with one dimen-
sional growth from surface to inside, volume nucleation with
one dimensional growth, volume nucleation with two
dimensional growth, and volume nucleation with three
dimensional growth. Once, the molten material is cooled, the
relaxation time for molecular movements becomes compa-
rable to the experimental timescale. Consequently, the

diffusive motion of the liquid is trapped and the material falls
out of the thermal equilibrium [48]. At this stage, the size of
the nuclei does not attain the size required to initiate the
nucleation process and the glass formed is assumed to have
no nuclei. Matusita has shown that when the glass is heated in
a DSC furnace, the rate of nucleation reaches maximum at a
temperature higher than the glass transition temperature and
decreases rapidly with further increase in temperature.
During constant heating rate, the formation of crystal nuclei
occur at a lower temperature and the crystals grow in size at a
higher temperature without increasing in number. Also, the
presence of sharp peak (T},) during crystallization process,
which shifts toward higher temperatures with increasing
heating rates, indicates that the system does not get sufficient
time for nucleation and crystallization. The process of
nucleation and crystal growth in these materials, during
amorphous to crystalline phase transformation, can be
explained in terms of the Avrami parameter n. For samples
under study, n has been found to lie between 0.78 and 0.92,
i.e., n ~ 1. This means that during amorphous-crystal-
lization phase transformation Seg sBi; sTe;s_yAg, chalco-
genide glass involve surface nucleation with one
dimensional growth from surface to inside.

Figure 8b shows the plot of In[—In(1 — y)] as a function
of 1,000/T at different heating rates for y = 1.5. The
deviation from the straight line is may be due to the satu-
ration of nucleation sites during crystallization. The slope
of the plot In[—In(1 — y)] versus 1,000/T gives the value of
mE,. Since no heat treatment is given to the samples before
the DSC measurements, m can be taken as 1. The activation
energy of crystallization for Segy sBi; sTejs_yAg, glasses,
calculated from the average value of m and mkE,, is reported
in Table 3. It is observed that the values of E. obtained
from the Matusita method are higher than the values
obtained by other methods. In this method, E. is obtained
from the variation in temperature that scans the entire
curve from beginning of the crystallization process till its
end. It also allows in determining the -crystallization
mechanism involved and dimensionality of growth.

From Table 3, one can see that the value of activation
energy of crystallization decreases with an increase in Ag
concentration. The variation in the value of activation
energy of crystallization describes the structural changes
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Fig. 8 Plot of a In[—In(1 — y)] versus In(f) at fixed temperature and
b In[—In(1 — )] versus 1,000/T for Seg, sBi; sTe;s5Ag) 5 glass

occurring in the samples under study. The activation
energy of crystallization is also an indication of the speed
of crystallization. From Table 3, it is evident that E,, cal-
culated from all methods, follows the similar trend. The
difference in the values of E. in different formalisms may
be attributed to the different approximations used in these
formalisms. Further, an increase in Ag concentration leads

to the decrease in E. as evident from Table 3. For y = 2,
the value of E_. is minimum in all formalisms. This
decrease in E. may be due to the fact that the addition of
more Ag results in heavy cross-linked structure due to the
cross linking of Ag with other elements. It reduces the
tendency of crystallization and a decrease in E. is
observed. The small value of E. for y = 2 indicates a
decrease in the speed of crystallization and an increase in
resistance to crystallization as evident from the frequency
factor K.

Thermal stability and glass forming ability

From technology point of view, the chalcogenide material
should be thermally stable and good glass former. Glass-
forming ability is an important parameter to determine the
degree of utilization of the material in various technolog-
ical applications. For memory and switching applications,
thermal stability and GFA are of vital importance. Differ-
ent quantitative methods are used [49-51] by the researcher
to study the stability of a glass using characteristic tem-
peratures such as transition temperature 7T, crystallizations
temperature T, peak crystallization temperature 7}, and the
melting temperature T,,. Dietzel [52] has introduced an
important parameter, AT = T, — T, to know the GFA of
the glassy materials. The values of AT for different com-
positions are given in Table 4 which reveals that AT
increases with an increasing content of Ag. It is found that
AT has maximum for SegysBijsTe;gAg, glass which
shows that the glass with 2 % of Ag is thermally more
stable. In the case of non-isothermal study, the thermal
stability of the glass may also be understood in terms of the
difference between T, and T,. Large difference in T}, and T,
indicates delay in the nucleation process [53]. So, the dif-
ference (T, — T,) is a measure of thermal stability and
GFA of the material against crystallization. Higher values
of (I, — T,) imply greater thermal stability and GFA
because higher value of (7, — T,) means large resistance
to crystallization. It is found that this difference has max-
imum for y = 2, it means that Seg, sBi; sTe;sAg, glass is
more stable and has maximum GFA, supported by AT,
compared to other compositions. This shows that

Table 4 Values of (T, — T,), (T, — T,), and stability parameters Hg, H,, and S at 8 and 12 K min~! for different compositions of

Sego.sBij sTeig_yAg, glasses

Y 8 K min~! 12 K min~!

T, — TJ/K T, — TJ/K Hy H, S T, — T/K T, — TJ/K Hy H, S
0 35.15 62.25 0.279 0.102 277 36.19 63.97 0.290 0.105 2912
1 35.66 63.08 0.285 0.103 2.83 37.00 65.41 0.301 0.107 3.036
1.5 36.95 66.25 0.296 0.107 3.13 37.95 69.93 0.316 0.108 3.463
2.0 38.24 67.03 0.310 0.110 3.17 38.51 7237 0.322 0.109 3.689
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Segp sBi; sTe;cAg, glass has lesser tendency to crystalli-
zation, revealed by decrease in the value of E., and
increase in the value of K. Using the characteristic tem-
peratures Hruby [50] developed a parameter

AT
Hy = —— 9
R Tm — Tc ) ( )
as an indicator of GFA. On the other hand, Saad and
Poulain [51] introduced two parameters that can also be
used to study the thermal stability of a glass. These
parameters are

Y

H, , 10
T, (10)

called weighted thermal stability and

(Tp — 7) (Te ~ 7o)
T, '

S = (11)
The thermal stability of the samples under study is also
estimated from these two parameters. The values of
stability and GFA parameters Hg, H, and S are reported
in Table 4. It is found that the values of theses parameters
increase with an increase in Ag concentration as well as
with the heating rate. The thermal stability of a glass
can also be understood in terms of variation of 7, and
(T, — T,). Values of T. and (T, — T,) for different
compositions are given in Tables 1 and 4, respectively.
From Table 4, it is observed that (T. — T) increases with
an increase in Ag concentration and is maximum for y = 2.
It shows that the thermal stability of glass increases with
increasing concentration of Ag in the glass. From the above
discussion, it is deduced that the addition of Ag in Se-Te—
Bi glass improves its thermal stability as well as the GFA.
Similar findings for other Ag-doped chalcogenide glasses
are reported in literature [10, 41]. The increase in the
thermal stability of SegpsBijsTe;g—yAg, chalcogenide
glasses may be attributed to the increase in the cohesive
energy of the material [54] with an increase in Ag
concentration. Kauzmann [55] has given another criterion
to estimate the GFA in terms of reduced transition
temperature, i.e., Ty, > 2/3, called two-third rule. The
ease of glass formation is determined by calculating T,
from the relation

Iyy = T, (12)
where T, is the melting temperature. For the samples under
study, the value of reduced temperature is found to be
>2/3 (not given here), which shows that the two-third rule
holds well for all compositions under study. It means that
Sego.sBij sTejs_yAg, glass has good GFA for all the
compositions under study.

Conclusions

Crystallization kinetics of Sego sBi; sTe s_yAg, chalcogen-
ide glass fory = 0, 1.0, 1.5, and 2.0 at.% has been studied at
four different heating rates using differential scanning
calorimetric measurement. The characteristic temperatures,
i.e., glass transition temperature, T, onset crystallization
temperature, T, and peak crystallization temperature, T}, are
found to increase with an increase in Ag concentration as
well as with the heating rate. The activation energy of glass
transition E, determined from two approaches is in agree-
ment with each other and is found to increase with increasing
Ag content. The activation energy of crystallization E,
evaluated by four different methods is in agreement and
follows the similar trend. An increase in the concentration of
Ag results in the formation of heavy cross linked structure in
the material which lead to the retarded tendency of crystal-
lization, evidenced by (T}, — Ty), Ko, and E. The average
value of Avrami index shows that amorphous-crystalline
transformation in the samples under investigation is associ-
ated with surface nucleation with one dimensional growth
from surface to inside. Characteristic temperatures are used
to determine the thermal stability and the ease of glass for-
mation. The maximum value of (T, — T,) and (T. — T,) for
Sego sBi sTecAg, glass shows that it is more stable com-
pared to the other compositions under study. The thermal
stability and GFA parameters, i.e., Hg, Hy, and S also show
that Segg sBi; sTe;gAg, glass is more stable than the other
glasses under investigation. Thus, from the above discussion,
we can conclude that the addition of Ag to Se—Te-Bi system
makes the system thermally more stable. The increase in the
thermal stability and GFA of Seg sBi; sTejs_yAg, glasses
with addition of Ag may be ascribed to the increase in
cohesive energy with increasing silver concentration.
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