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The crystallization kinetics of the chalcogenide glass Se0.sTe0.2 was studied by means of 
differential scanning calorimetry. The variation in partial area (X) with temperature (2") 
revealed that the transition from the amorphous to the crystalline phase occurs in two 
dimensions. 

Activation energies were determined for both the glass transition (Et) and the crystal- 
lization (Er Et was calculated from the variation in T s with the heating rate (a). Er was 
determined by three different methods: (i) variation in X with T, (ii) variation in Tp with a, 
and (iii) variation in Tr with a. Et and Ec have values of 161.01 +- 2.75 and 84.75 
-+ 8.21 k J/tool, respectively. 

The chalcogenide glasses Sel-xTex have recently a t t rac ted  great  at tent ion 
because of their  use in various solid-state devices. Structural  studies of these 
materials  are very impor tant  for a bet ter  understanding of their t ransport  
mechanism [1-5]. 

The use of chalcogenide glasses as photographic materials has led to 
great  achievements.  The shortcomings of pure glassy selenium used for 
photographic  drums were its short lifetime and low sensitivity; certain addi- 
tives are usually added  to improve these properties.  The Se chain can be 
crossed with [3, 4] coordinate  elements,  which decreases the tendency to 
crystallization and increases the lifetime of a pure Se drum [6, 7]. 

Kinet ic  studies are always connected with the concept of activation ener- 
gy. The value of this in glass crystallization phenomena is associated with 
the nuclea t ion  and growth processes that  dominate the devitrification of 
most glassy solids. In general,  separate  activation energies must be iden- 
t ified with the individual  nucleat ion and growth steps in a transformation,  
a l though they have usually been combined into an activation energy repre- 
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sentative of the overall crystallization process [8-10]. Studies of the crystal- 
lization of a glass upon heating can be performed in several different ways. 
In calorimetric measurements, two basic methods can be used, isothermal 
and non-isothermal. In the isothermal method, the sample is brought quickly 
to a temperature above the glass transition temperature (Tg) and the heat 
evolved during the crystallization process at a constant temperature is 
recorded as a function of time. In the non-isothermal method, the sample is 
heated at a fixed rate a, and the heat evolved is recorded as a function of 
temperature or time. The crystallization process can be interpreted in terms 
of several theoretical models [9, 11]. 

The present work is concerned with a study of the crystallization kinetics 
and evaluation of the activation energies under non-isothermal conditions. 

Experimental 

The bulk alloy SesoTe20 was prepared by heating a stoichiometric mixture 
(4:1) of the components selenium and tellurium with purities of 99.999% in 
a vacuum-sealed quartz tube at a temperature of 220 ~ for three days and at 
550 ~ for one day, followed by quenching in water to room temperature. 
During heating of the sample, the tube was frequently shaken to homogenize 
the resulting alloy [3]. 

The thermal behaviour was investigated by using a Du Pont 1090 dif- 
ferential scanning calorimeter. The temperature and energy calibrations of 
the instrument were performed by using the well-known melting tempera- 
tures and melting enthalpy of the high-purity indium supplied with the in- 
strument. 

The crystallization thermograms were recorded as the temperature of the 
samples was increased at a uniform rate. Typically, 20 nag of the sample in 
powdered form was sealed in standard aluminium pans and was scanned 
(over a temperature range from room temperature to about 250 ~ at uniform 
heating rates (a) ranging from 2.0 deg/min to 60.0 deg/min in static air. 

The fraction X crystallized at any temperature T is given as X = (AT~A), 

whereA is the total area of the exotherm between the temperature Ti where 
crystallization just begins and the temperature Tf where the crystallization is 
completed (Fig. la); AT is the area between Ti and T, as shown by the 
hatched portion in Fig. la. 

An X-ray investigation of the powder Se0.sTe0.2 was performed with a 
Philips diffractometer (type 1710). The patterns were run with Cu as target 
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and Ni as filter (4 = 1.54178 ~,), at 40 kV and 30 mA, with a scanning speed 
of 3.6 deg/min. 
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Fig. la Typical DSC trace of Se.gsTeo.2 glass at a heating rate 10 deg/min 

All the experimental results were fitted by the least square method. The 
arithmetic average and the standard deviation were calculated for the ac- 
tivation energies. 

R e s u l t s  a n d  d i s c u s s i o n  

A typical DSC trace of glassy Se0.sTe0.2, obtained at a = 10 deg/min, is 
shown in Fig. la. Three characteristic phenomena are clear in the studied 
temperature region. The first (T = 55.3 ~ corresponds to the glass transi- 
tion temperature Tg, the second (T = 115.8 ~ to the onset crystallization 
temperature Tc, and the last (T = 133.4 ~ to the peak temperature of crys- 
tallization Tp of Se0.sTe0.2. Figure lb  shows DSC thermograms of Se0.sTe0.2 
at different values of a. The values of Tg, Tc and Tp vary by 19.8, 51.2 and 
50.1 deg, respectively, as a is varied from 2 deg/min to 60 deg/min. 

Through the use of Kissinger's formula [12] to evaluate the activation 
energy for the glass transition Et for homogeneous crystallization with 
spherical nuclei, it has been shown [13, 14] that the dependence of Tc on a is 
given by 

In et/7~c = - E / R T c  + const. (1) 
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where E is the effective crystallization activation energy. Though originally 
derived for a crystallization process, it has been suggested that this expres- 
sion is valid for glass transition [15] and it has often been used [13-16] to cal- 
culate Et. 

Plots of log(a/T2g) vs. 1/Tg for the glass Se0.sTe0.2 (plot a in Fig. 2) indi- 
cated linearity up to a = 60 deg/min. 

It is common practice to determine Eg from the slope of the In a vs. 1/Tg 
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Fig. tb DSC traces of Se0.sTr glass at different heating rates 

plot itself [8]. In general, the variation in in(1/T2g) with In a is much slower 
than that in 1/Tg with In a [8]. Kissinger's equation can be approximated by 
the form: 

In(G) = -E t /RTg  + const. (2) 

Plot b in Fig. 2 shows the in (a) vs. 1/Tg data for the chalcogenide glass 
Se0.sTeo.2. From relation a in Fig. 2, Et for Seo.sTe0.2 was calculated to be 
158.26 kJ/mol. Et was also determined from relation b in Fig. 2, its value 
being 163.75 kJ/mol. It is evident that the two values are in good agreement 
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with each other. This means that one can use either of the two relations to 
calculate Et for Se0.sTe0.2. 

The X-ray diffraction results indicate that the as-prepared sample has 
crystallization nuclei formed during the sample preparation. This result is 
very important as concerns an understanding of the mechanism of crystal- 
lization. 
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Fig. 2 a) Plot of In (a/7~g ) w 1000/Tg of Se~sTe~2 glass; b) Plot of In(a) vs. IO00./T of 
Se0.sTeo.2 glass 

Before the evaluation of Ec, some information concerning the crystal- 
lization kinetics is needed. 

The Johnson-Mehl-Arvami (JMA) equation for isothermal crystallization 
processes [17-19] can be extended to include non-isothermal processes, be- 
cause the chalcogenide glass Se0.sTe0.2 satisfied the condition for this exten- 
sion or generalization [8, 20, 21]. 

The volume fraction X of crystals formed in the glass at temperature T 
during heating at uniform a is related to Ec by the expression [8, 21]: 

ln[-ln(1-X)] -- -n  In a-1.052 mEc/RT + constant (3) 

where n and m are constants having values between 1 and 4, depending on 
the morphology of the growth. For the case of nuclei formed during the 
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sample preparation,  the values of n and m are equal  [8]. Table 1 shows the 
values of n and m for various crystallization mechanisms [8, 22]. 

Table I Values ofn and m for various ctystallisation mechanism [8, 22] 

M e c h a n i s m  n m 

Three dimensional growth 
Two dimensional growth 
One dimensional growth 

3 3 
2 2 
1 1 

Figure 3a shows plots of ln[-ln(1-X)] vs. 1 /T  for different  values of a.  
These plots are found to be linear over most of the temperature  range. At  
high temperature  or in regions of large crystallization fraction, a break in 
the linearity or ra ther  a lowering of the initial slope is seen for all a ;  this 
result is in good agreement with the results of Mohadevan et al. [8]. 

2 (x~Klmin 
- A 2.0 

i-4-o~o \_~\ \ \ J \ 
-I-, , , , 

2.1 2.2 2.3 2.4 Z5 2.6 2.7 

-~,xl0~K -1 

Fig. 3a In [-In (l-X)] vs. 1/T of Se~sTe~2 glass at different heatIng rates 

Figure 3b gives the relation between ln[-ln(1-X)] and In a at constant  
tempera ture  (127~ deduced  from Fig. 3a. From this relation, the value of  n 
for the crystallization of Se0.sTe0.2 was deduced  as 1.740. The calculated 
value of n is not at integer. This means that the crystallization process oc- 
curs with different  mechanisms, and that the predominant  one is the process 
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in which n = 2 [8, 10]. Therefore, from Table 1, the value of m is equal to 2, 
which means that the crystallization of Se0.sTe0.2 is a two-dimensional crys- 
tallization process. From the values of m and the slopes in Fig. 3a, the 
average value of Ee for Se0.sTe0.2 is 75.30_+4.86 k J/tool. 
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Fig. 3b In [-In (l-X)] vs. In (a) of Se.o.sTeo.2 glass at T= 300 K (127~ 

For the evaluation of Ec from the variation in Tp with a, Kissinger's equa- 
tion 

ln(a/~p) = - ( E d R T p )  + constant (4) 

derived for the rate equation of an n- th  order chemical reaction, is general- 
ly used [9, 12, 13, 23-26]. However, this equation has recently been modified 
[21, 22, 27-31] to the form 

ln(an/~p) + In K = - m E d R T p  (s) 

where K is a constant containing factors depending on the thermal history 
of the sample [8]. 

It is common practice also to infer (m/n)Ec from the slope of the In a vs. 

1/Tp plot itself; in general, the variation in In(1/Tp) with In a is much slower 
than that in 1/Tp with In a [8]. Plot b in Fig. 4 shows the In a vs. 1/Tp data for 
the chalcogenide glass Se0.ffe0.2. The value of Ec is 97.25 k J/tool 
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Fig. 4 a) Plot In (al~p) vs. 1000/Tp of Se0.sTe0.2 glass; b) Plot of In (a) vs. 1000/Tp of 
Seo.sTeo.2 glass 

Many authors have used the relation ln(a/~p) vs. 1/Tp [9, 32] (plot a in 
Fig. 4). From its linearity and the deduced Ec value (90.33 kJ/mol), it is clear 
that this relation is valid for the present study. Moreover, this Ec value is 
much closer to that deduced from the partial crystallization data (Fig. 3a) 
than that deduced from the In a vs. 1/Tp relation (plot b in Fig. 4). 

Ec is also calculated by using the variation in Tc with a for Se0.sTe0.2. By 
using relations similar to those in Eqs (1) and (2), Ec can be calculated from 
the two (a, Tc) relations. The relations used can be written in the form: 

ln a = - ( m / n ) ( E c / R T c )  + constant (6) 

and 

i n ( a / R )  = - ( m / n ) ( E c / T c )  + constant (7) 

These relations were plotted as shown in Fig. 5, and the deduced Ec values 
for Se0.8Te0.2 crystallization averaged 80.36__.3.28 kJ/mol, in good agreement 
with the above results. 

The activation energy for Se0.sTe0.2 crystallization, calculated by dif- 
ferent methods, has an average value of 84.72__.8.21 kJ/mol. 
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Fig. $ a) Plot In (a/~c) v& 1000/Tr of Se~sTe~2 glass; b) Plot In (a) w I000/To of 
Seo.sTee2 glass 

C o n c l u s i o n s  

The modified JMA equation indicates that the crystallization mechanism 
of Se0.sTe0.2 involves a two-dimension process. 

The glass transition activation energy Et can be determined from two dif- 
ferent forms of Kissinger's equation. The crystallization activation energy Ec 
can be determined from the JMA equation and two different forms of 
Kissinger's equation. 

Et for Se0.sTe0.2 is 161.0.1-+2.75 kJ/mol, and Ec is 84.72-+8.21 kJ/mol 

This work was partly supported by a Grant-in-Aid for Scientific Research from the 
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Zusmnmenfassung m Mittcls DSC wurdc die Kristallisierungskinetik des Chalkogenidglases 
Se0.sTe0.2 untersucht. Eine Anderung partieller Gebiete (X) mit der Temperatur (T) zeigte, 
daft der ~bergang yon der amorphen zur kristallinen Phase zweidimensional verliuft.  

Es wurde die Aktivierungsencrgie sowohl fiir den Glasiibergang (Et) als auch fiir die 
Kristallisierung (Ec) bestimmt. Et wurde mittels der Abhiingigkeit yon Tg yon der Aufheiz- 
geschwindigkeit (a) ermittelt. Ecwurde auf drei verschiedene Wege bestimmt: (i) Anderung 
yon X in Abhtingigkeit yon T, (ii) _~nderung yon Tp in Abh~ingigkeit yon a und (iii) 
Anderung yon Tc in Abh~ingigkeit yon a. Die Werte yon Et und Ec betragen 161.01+_2.75 bzw. 
84.75 -+8.21 kJ/mol. 
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