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CALORIMETRIC ANALYSIS OF Ag DOPED AMORPHOUS Se-Sb
CHALCOGENIDE GLASSES
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Calorimetric analysis of bulk amorphous Seg..SbyAg, (8<x<14) glasses has been carried
out using Differential Scanning Calorimetry at different heating rates (5-20 K/min). It is
found that the glass transition temperature T, and the crystallization temperature T,
increase with increase in Ag content in Se-Sb system. The apparent activation energy for
glass transition and the activation energy for crystallization have been determined using
different empirical approaches. The glass-forming ability of amorphous SegySbyAgy
increases with Ag content.
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1. Introduction

Recently, great attention has been given to chalcogenide glasses mainly due to their wide
range of application in solid-state devices both in scientific and technological fields. Optical data
storage based on laser induced amorphous-to-crystalline phase transformation of chalcogenide
glasses is an area with on-going research activity. Since the advent of optical memory storage, a-
Se has become a material of considerable commercial importance in optical memory applications
[1-6]. As the uses of Se have grown, the attempts have been made to improve certain of its
properties by alloying with other elements.

The structure of a-Se and the effect of alloying Sb instead of As have been studied by
various workers due to the toxic nature of the latter limiting the practical applications. The
addition of Sb in a-Se has pronounced effect on its structural, optical, electronic and thermal
properties [7-9]. Due to these advantages, Se-Sb alloys can be used as recording layer materials in
optical phase change recording technique. Ag-doped chalcogenide glasses have become attractive
materials for fundamental research of their structure, properties and preparation [10-14]. They
have many current and potential applications in optics and optoelectronics such as photo doping,
optical imaging, photo lithography and phase change optical recording [15-21].

The electrical, optical and structural properties of Ag doped chalcogenide glasses have
been studied by various workers [10-21] but there are only few studies reported on crystallization
in these materials [22-25]. The crystallization kinetics in chalcogenide glasses can be studied using
isothermal and non-isothermal methods. The present work reports on the crystallization kinetics of
amorphous Segy,SbyAgx (8<x<14) using non-isothermal method.
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2. Experimental details

Bulk samples of SegoxSbaAgy (8<x<14) for all composition were prepared by melt
quenching technique. High-purity (99.99%) elements were weighed according to their atomic
percentage, and were sealed in a quartz ampoule (length ~10cm and internal diameter ~6mm), in a
vacuum of ~10"* mbar. The sealed ampoule was kept in a vertical furnace where the temperature
was raised to 1273 K at a rate of 4-5 K/min. The ampoule was inverted at a regular interval (~1 h)
for 48 h at the maximum temperature to make sure the homogenous mixing of the constituents,
before quenching into an ice bath. The material was separated from the quartz ampoule by
dissolving the ampoule into a solution of HF + H,0, for approximately 48h. The amorphous
nature of the sample was confirmed by absence of sharp peaks in X-ray diffractograms. DSC runs
were carried out using Mettler Toledo Star® instrument. The DSC equipment was calibrated with
standard materials prior to start of the experiment. All the DSC scans were performed under N,
atmosphere. About 25 mg of the powdered sample was placed in the aluminum pans for the
studies. DSC thermograms for all the compositions were taken at different heating rates [5,10,15
and 20 K/min]. The glass transition temperature (T,) was taken as the temperature corresponding
to the intersection of the two linear portions adjoining the transition elbow of the first endothermic
peak in the DSC plots. The T. was taken as the temperature corresponding to the onset of
crystallization, where the crystallization has just started. The fraction X crystallized at any
temperature T is calculated as X= Ar/A, where A is the total area of the exotherm between T, and
the temperature at which the crystallization is completed, At is the area of the exothermal between
T.and T [34].

3. Results and discussion

Typical DSC thermograms at the heating rate of 15 K/min for Segy,SbapAgy (x=8, 10, 12,
14) are shown in Fig. 1. All the thermograms show glass transition, crystallization and melting.
There is also an endothermic peak after the glass transition which may be due the relaxation of the
metastable glass. Fig. 2 shows the DSC thermograms of Se;,SbyAgs glass at four different heating
rates. The characteristic phenomena (glass transition and crystallization) are evident in all the DSC
thermograms in the temperature range of investigation. One can see from Fig. 2. that T, and T,
shift towards higher temperature with increase in heating rate whereas there is no variation in T,
with increase in the heating rate. The system shows similar behavior for all the values of x.
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Fig. 1. DSC thermogram for SegySbyAgy (8<x<14) at heating rate of 15 K/min.
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Fig. 2. DSC thermogram for Se;,SbyAgg at four different heating rates.

It has been observed that T, increases with increase of Ag concentration and varies
linearly with the heating rate as shown in Fig. 3.

332
o
330 ¢}
[ )
328 o ° u]
[u] [ ]
\M« 326 o [ [ ]
=11]
H
a
324 ° [ |
u]
m x=8 o x=10
322 r . ex=12 o x=14
320 1 1 1 1
0 5 10 15 20 25
o (K min’)

Fig. 3. Variation of glass transition temperature with heating rates for Segy.xSboAgx
(8<x<14).

The values of T, of each alloy are found to be much higher than the room temperature.
This is an important advantage of these alloys, which is essential to prevent self-transition of
recording materials between the two phases; amorphous and crystalline phase at room temperature.
The dependence of T, on the heating rate has been studied using three different formulations. The
first one corresponds to the empirical relation of the form

T, =A+Bln(a) (1)



where A and B are constants that depend on the glass composition and a is the heating rate
(K/min) employed in DSC runs [26]. Fig. 4 shows the validity of this equation for Se;;SbpAgs.
The value of B is calculated from the slope of T, vs. In (o) plots. It has been suggested that B
depends on the cooling rate employed in the preparation and is the indicator of the response of
configurational changes within the glass transition region to the heating rate [26]. The values of A
and B for all compositions are listed in Table 2.

The variation of glass transition temperature with heating rate is shown in Fig.3 and it is
found that T, varies linearly with the heating rate and this variation may be described by the
empirical formula [27]

T,=T,+Sa Q)

where T(; is the glass transition temperature at zero heating rate, normally depicted as ideal glass

transition temperature. The values of T, and S for all compositions are listed in Table 1.

Table. 1. The thermal parameters of the investigated samples as a function of Ag content.

Alloy T¢ (K) T, S E(kJmol™)
Heating Rate (K min™) (K)
5 10 15 20
Se7SbyAgs 322 323 324 326 320+0.5 0.34 238+0.5
Se7SbaAgio 324 325 326 328 32140.5 0.34 24040.8
SeesSbaAgin 326 327 328 330 32240.5 0.34 242+0.7
SessSbaoAgia 327 328 329 331 324+0.5 0.34 24510.4
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Fig. 4. Variation of T, with In o for Se7,SbgAgg

The third approach to the study of dependence of T, on the heating rate is the Kissinger
[28] formulation for the evaluation of the apparent activation energy of glass transition, E;. In spite
of the fact that the Kissinger equation is basically for the determination of the activation energy for
crystallization process, it has been shown that the same equation can be used for evaluation of E;
[29-32], and may be written as



E
In—— =—' 4 const. (3)
R

where R is the gas constant.

Fig. 5. shows the plot of In (Tg2 /o) as a function of 1000/ T, for Se;»Sb,yAgs. The slope of
the plot gives the apparent activation energy, E;. The values of E; for all the compositions are given
in Table 1. The glass activation energy is the amount of energy that is absorbed by a group of
atoms in the glassy region so that a jump from one metastable state to another metastable state is
possible [33].
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Fig. 5. A plot of In(T*/at) vs. 1000/T, for Se;,SbyAgs

From technological application points of view, the glass should be thermally stable with
temperature and time during use. The kinetic resistance to crystallization is higher for larger
difference between T, and T,. The difference T.-T,, which is an indication of thermal stability of
glasses [34], increases as Ag contents increase in these glasses as shown in Fig. 6. for all heating
rates. It shows that it is easier to prepare glasses with higher concentration of Ag as compared to
lower concentration of Ag. It has been reported that enthalpy AH, released during crystallization
process is associated with stability of glasses i.e. glasses with lowest value of T.-Tg will have
maximum value of AHc.
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Fig. 6. A plot of T.-T, vs. heating rate for Seg«SbyAg, (8<x<14).



The experimental determination of enthalpy-released AH. during crystallization process
has been made by measuring the area under exothermic peak and converted it into units of milli

calorie.

AH, A

C C

K M
“
where K is the instrumentation constant. A, is the area under the crystallization peak and M is the

mass of the sample.

The value of AH/K " at all heating rates is plotted as a function of Ag content in Fig. 7. It
is seen that AH/ K keeps on decreasing with Ag content. It can be noted that the difference of T.-
T, increases with x where as the enthalpy released decreases with x. This shows with the increase
of Ag contents in Se-Sb matrix increases thermal stability.
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Fig. 7. A plot of enthalpy released vs. heating rate for Seg.SbyAgy (8<x<14)

The kinetics of crystallization as a function of composition has been studied. The most
successful and applicable theoretical model for crystallization studies is the one suggested by
Johnson-Mehl-Avrami (JMA) [35-38]. According to this model, the fraction, X, of precursor that
has been transformed into product phase is given by

X =1 exp( K,? ) (5)
Where, n is the Avrami exponent and reflects the details of crystal growth, K, is the effective
overall reaction rate, which actually reflects the rate of crystallization [39] and usually assigned

Arrhenian temperature dependence,

K, = Koexp(— i)
RT (6)
Here K,, the frequency factor, indicates the number of attempts to overcome the energy barrier, E
is the activation energy. In heterogeneous reaction, such as crystallization, activation energy is
superimposed on more than one energy [40], basically growth and nucleation activation energies.
The JMA equation has been developed to study the kinetics of phase transformations
involving nucleation and growth processes. However, if a transformation consisting of nucleation
and growth occurs non-isothermally, it can still be described by the JMA equation if the following
conditions are satisfied [41,42]. Firstly, all nucleation should occur at early stages of the process,
secondly, the nucleation is random and, finally, if the growth rate depends on instantaneous
temperature and not on time. In our case the transformation will have identical form at all



temperatures. According to Cahn [43] for isokinetic reaction, the instantaneous rate of
transformation is a unique function of the extent of transformation, X, and absolute temperature T,
and is entirely independent of prior thermal history.

The temperature dependence associated with the JMA transformation assumed that in
glass forming system K, could demonstrate a single Arrhenian behavior given by Eq. (vi). since it
is extremely doubtful whether both the nucleation and crystal growth rate [41] will have the same
temperature dependence during observable non-isothermal crystallization process. This restricts
the temperature range of possible experiments to temperature regimes where the growth rate is
dominated by molecular mobility in the liquid phase (i.e. K, depends only on the growth rate and
not on the nucleation rate). Specially, this temperature regime refers to the low temperature side of
the peaked growth rate curve [44]. Thus in order to experimentally obtain the simplified
temperature dependence for K, given by Eq. (vi). in glass forming liquid, scans from low to high
temperatures must be used which allow the melt to fully crystallize at temperatures which are
dominated by low temperature growth behavior.

Extending the use of JIMA equation to interpret the dynamic heating (non-isothermal) data
is controversial since the analysis requires time differentiation of IMA equation with the implicit
assumption that the process parameters are independent of time [45,46]. Following White and
Crane [47] the non-isothermal equation obtained from JMA, equation is given by

a
In— = const. — RT
p nRz, (7)

where, T, is the temperature at which the crystallization attains the maximum value and considered
to be the peak temperature of the exothermic reaction in DSC curves.

The non-isothermal activation E/n has been interpreted as the activation energy for the
rate-limiting step for growth at the interface during crystallization as inter-atomic diffusion [41].
Fig. 8. shows the plot of In (0/T}) as a function of 1000/T, for Se;»SbaAgs glass. The values of E/n
for all the glasses are listed in Table 2.
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Fig. 8. The plot of In (a/T,) as a function of 1000/T, for Se;,Sby,Ags glass.



Table. 2. The values of A and B along with E, for Seg) ,SbyoAg, (8<x<14) glassy system.

Alloy A B E. (kJ mole™)
(K) (K) IMA Matusita  Kissinger  Ozawa
Se7,SbaeAgs 31541 3.66+0.4 117+0.8 116+1.0 114445  131x1.7
Sez0SbaAgio 316£1  3.50+0.4 114£0.6 113£1.0 111+£3.4  133%1.5
SeesSbaAgi2 31741 3.34+0.3 113+0.8 111+0.8 109£2.0  130+1.2
SessSbaAgi 319+1  3.2240.4 102+0.9 110+1.1 98+1.5 108+1.5

For the determination of activation energy of crystallization, Matusita et al. [48] have
suggested an equation, which is applicable for non-isothermal crystallization and is given by

In[- In(1 - X)|= —nin(a)-1.052 n;{F}“ + const. (8)

where, X, is the volume of fraction crystallized at any temperature, n and m are constants related
to crystallization mechanism. For as-quenched glasses containing no pre-existing nuclei, n = m+1,
whereas for glass containing a sufficiently large number of nuclei n = m [48]. The value of n and
m can be obtained by plotting In [-In (1-X)] as a function of In (a) at a specific temperature. Fig. 9.
shows the plot In [-In (1-X)] vs. In (o) for Se;»SbypAggs glass at three different temperatures. A
small variation in the values of n is observed. The average value of n, as evaluated from the slope
of plots at three temperatures, comes to 2.62 (~3). Since ours are quenched samples, the value of m
is one less than n, therefore, the value of m is 2 which may indicates that the bulk nucleation with
two-dimensional growth occurs in these glasses.
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Fig. 9. A plot of In[-In (1-X)] as a function of In o for Se;,SbyAgs

In order to evaluate the activation energy from Matusita equation, the slope of plot of In [-
In(1-X)] vs. 1000/T at different heating rates as shown in Fig. 10. for Se;;SbyAgg, It is observed
that the plots are linear over a wide temperature range but show a break at higher temperatures,
which is attributed to the saturation of nucleation sites in the final stages of crystallization [49,50]
or to restriction of the crystal growth in the small size of particles [51]. The initial region
extending over large range is used for the determination of slopes. The activation energies as
calculated from slope of these plots is listed, in Table 2.
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Fig. 10. A plot of In[-In (1-X)] vs. 1000/T at different heating rates for Se;,Sb,oAgg

The activation energy of crystallization E. has also been evaluated using peak shift method
of Kissinger [28] this method involves the use of the equation

n o
2
T P
where T, is the temperature of crystallization peak. The activation energies for all the composition
have been determined from the slope of the plot of In (a/T,’) vs. 1000/T, as shown in Fig. 11. The
values of E,, for all the composition are given in Table 2.
Ozawa [52] suggested another method for evaluation of the crystallization activation

energy from the variation of the onset crystallization temperature, T, with the heating rate. This
method involves the use of following equation,

C

E
=-— + const 9
P

C

Ina = — + const. (10)

Fig. 12. show the plot of In (o) as a function 1000/T, for Se;»SbyAgs glass, the slope of which
gives the activation energy E.. The values of E, for all the composition are given in Table2.

-8.80

-9.20 |
“. 960 ¢
-
£

-10.00

[ )
-10.40
2.56 26 2.64 2.68 272

1000/Tp (K

Fig. 11. A plot of ln(oc/sz) as a function of 1000/T,, for Se;»SbaAgs



10

3.10

2.70 L]

1.90

1‘50 1 1 1
2.73 2.76 2.79 2.82 2.85

1000/Te (K™

Fig. 12. A plot of In(a) as a function of 1000/T, for Se;,SbypAgsg

In analyzing the crystallization data in DSC experiments, the Kissinger method is the most
commonly used one. This equation was developed for a simple first order reaction. Kissinger
showed that for first order reactions a linear dependence is obtained between /7, and 1/Tp. It is
reported [53] that Kissinger method can be applied to any reaction, the kinetics of which are
described by dx/d=g(x)n(T); (g(x) and A(T) can be formulated since x and 7 are function of time).
Application of this method to crystallization process without modification does not yield the same
dependence as suggested by Kissinger. However, it has been suggested [54] that the error involved
in the activation energy determined by Kissinger equation is lower than 5% provided E/(RT)>10.

To simplify the mathematical equations involved in the integration of the rate of
transformation, Ozawa realized that the fraction transformed, xp, at the peak in the transformation
rate, dx/dt, is constant, independently of the scan rate a. It is shown that [29] approximately 63%
of the transformation occurred at the peak in dx/d¢. Therefore, according to Yinnon and Uhlmann
[53] if the fraction X, at the peak of the exotherm is constant, the temperature involved in Ozawa
equation is the onset crystallization temperature, T, or the peak temperature of crystallization T,
This will also amplify the errors in the calculated activation energy from Eq. (10).

Matusita et al. [48] have suggested that the Kissinger and Ozawa equations cannot be
applied directly to the crystallization of amorphous materials and therefore the physical meaning
of the activation energies thus obtained are obscure because the crystallization is advanced not by
the n™ order reaction but by the nucleation and growth process. Indeed they succeeded in obtaining
an equation (Eq. 8) to analyze the non-isothermal crystallization kinetics on the basis of nucleation
and growth process. This equation involved the crystallization mechanism such as bulk
crystallization or surface crystallization and therefore meaningful activation energy is obtained. In
this equation n=m+1 for as-quenched glass containing no nuclei and n=m for a glass containing a
sufficiently large number of nuclei. Also, m=3, 2, 1 for three, two and one-dimensional growth,
respectively. They have also shown that under certain conditions, the so-called Ozawa and
Kissinger equations can be deduced from Eq. (8).

The observed difference in the value of E. evaluated by different formulations may be
attributed to the different approximations that have been adopted while arriving at the final
equation of the various formalism. Besides, the variability of the location of temperature
measuring thermocouple (i.e. the location of sample and heat source) may introduce an error on
the temperature axis of thermo analytical curve. In addition, the temperature and pressure gradients
in the sample (resulting from heat effect e.g. heating rate) vary randomly and such random
variations have predominant effects on kinetic parameters. Since the activation energy in the above
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equations has been deduced from the variation of heating rate and temperature hence variation in
the value of E. is expected to occur in the light of the reasons mentioned. However, a similar
variation in the activation energy calculated by using various formalisms in other chalcogenide
glasses has been observed [34, 55]. It may be mentioned that the activation energy obtained from
Matusita equation is more accurate than those obtained from other methods. This is due to fact that
the activation energy in this method has been derived from the variation of the temperature that
scans the whole curves starting from beginning of the crystallization process till approximately its
end. Besides this, it allows the determination of the dimensionality of the growth and the
crystallization mechanism involved in amorphous materials.

The glass- forming tendency is calculated from Hruby’s parameter [56], Ky

I T,
Ka=7—7 (11)

the value of K, varies from 0.28 to 0.34. A theoretical relation between T, and T,, was given by
Kauzmann [57]. It was suggested that the ratio T, = T,/Tw is constant and nearly 2/3, where T, is
also called reduced glass transition temperature. This is also known as two third rule. It was found
that the value of T, is same for all composition and is equal to 2/3, hence two third rule is
applicable in the present study also. The value of T.-T,, Ky and T, are listed in Table 3.

Table 3. Values of T.-T,, Ky and T, calculated from DSC thermogram taken at 15 Kmin™'
heating rate for Segy xSbyoAgy (8<x<14) glassy system.

T, T T TeTy  ToTe
Alloy Kgl Trg
(X) ®) ) K ®)
Se7SbaoAgs 326 364 492.52 37 128.52 0.29  0.662

Se70SbaAgio 327 366 492.36 39 126.36 0.31  0.664
SessSbrAgi2 328 369 492.36 41 123.36 0.33  0.666
SessSbaoAgis 330 372 492.36 43 120.36 036  0.670

4. Conclusions

The effect of addition of Ag to the Se-Sb system on the crystallization kinetics and thermal
stability of the material has been investigated. It is found that the glass transition temperature and
the crystallization temperature increase with increase in Ag content to the Se-Sb system as well as
with increase in heating rate. It has been found that the value of crystallization temperature is
much higher than the room temperature, which gives an important advantage that is essential to
prevent self-transition of recording materials between the two phases amorphous and crystalline
phase at room temperature. The apparent activation energies of glass transition and the
crystallization have been determined and found to be close for most of the theoretical approaches.
All the samples follow the well-known two third rule.
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