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EFFECT OF THALLIUM ON THE CRYSTALLIZATION KINETICS OF
THE CHALCOGENIDE GLASSES GeSe, AND GeSey

.k
M. M. Abdel-Aziz
Physics Department, Faculty of Education, Ain Shams University, Cairo 11566, Egypt

The structure identification of the quenched compositions GeSe,, GeSes, GeSe,Tl and GeSe4T1 has been confirmed by energy
dispersive X-ray analysis (EDX), X-ray diffraction (XRD) and differential thermal analysis (DTA). The differential thermal analy-
sis curves of the compositions under investigation were recorded at the heating rates 5, 10, 20, 30 and 50°C min'. Addition of thal-
lium to GeSe, and GeSe, results in decreasing the glass transition temperature 7y, the crystallization temperature 7. and the melting
temperature T}, The effect of heating rates on the transition temperatures (7, 7. and T},) was studied and the variation of the crystal-
lization peak temperature 7}, position was used to calculate the activation energy. The kinetic parameters of crystallization for the

devitrification processes have been determined by three methods and discussed on the basis of Johnson—-Mehl-Avrami model.
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Introduction

It has been possible to identify two critical compositions
in the IV-VI chalcogenide glassy system Ge,Se, x by
the anomalous variations of high-pressure electrical re-
sistivity behavior. The first critical composition GeSe;,
the chemical threshold, refers to a stoichiometric com-
position. The second critical composition GeSey, identi-
fied recently as the mechanical percolation threshold, is
connected with the structural rigidity of the material [1].

Addition of thallium to Ge-Se chalcogenide
glasses is accompanied by a marked change in their
structural and physical properties [2]. Investigation of
the switching phenomenon in amorphous Ge—Se-T1
films has been carried out [3, 4], and there is a good
agreement between the type of switching and the
crystallization in chalcogenide glassy system [5, 6].

The kinetics of crystallization can be studied by
different methods of thermal analysis [7—10]. Thermally
activated transformations in the solid-state can be inves-
tigated by isothermal or non-isothermal experiments. A
disadvantage of the isothermal regime is the impossibil-
ity of reaching a test temperature instantaneously and
during the time which the system needs to stabilize, no
measurements are possible, [11]. The crystallization
process may be interpreted in terms of various theoreti-
cal kinetic models and the most successful empirical
equation for crystallization of inorganic glasses in the
Johnson—-Mehl-Avrami (JMA) equation [12].

The aim of the paper is to investigate the effect
of TI addition on the crystallization kinetic parame-
ters of the two critical glasses GeSe, and GeSe,. Three
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different methods of analysis have been used to get
the crystallization kinetic parameters from the same
experimental data under non-isothermal condition.

Experimental

Bulk Ge-Se and Ge—Se-TI glasses were prepared by
the conventionel melt quenching technique [2,3]. The
proper amounts required for preparing 10 g of the
composition were weighed using an electrical sensi-
tive balance of accuracy 10 g (Goansh ZP). The
weighed materials were introduced into a cleaned sil-
ica ampoule, which was then evacuated to 10~ Torr
and sealed then placed in specially designed oscilla-
tory furnace. The sample temprature was raised in
steps. At first it was raised from room temperature to
250°C (about 30°C higher than m.p. of Se) and then
kept constant for 2 h. Then temperature was raised in
steps of 100 to 1000°C over a long period of time
13 h. Long duration of the synthesis and rocking of
the melt were necessary for homogeneity of the com-
position. The ampoule was then rapidly quenched in
ice water to obtain the sample in the glassy state.

The chemical composition under test was
checked by energy dispersive X-ray (EDX) analysis
using scanning electron microscope (Joel 5400). Full
quantitative analysis results were obtained from the
spectra by processing the data through ZAF correc-
tion program. The structure of GeSe,, GeSe4, GeSe, Tl
and GeSe4Tl in powder form was investigated by
X-ray diffractometer (XRD) type Phillips PM8203
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supplied with a copper target and Ni filter. The X-ray
tube was operated at 40 kV and 25 mA. The diffrac-
tion patterns were recorded automatically with a scan-
ning speed of 2° min"' per minute and scanning angu-
lar range from 4 to 90°.

DTA curves were obtained for each composition
using a Shimadzu DTA-30 thermal analysis system.
Different heating rates 5, 10, 20, 30, and 50°C min .
were used DTA measurements were calculated on
each of the glasses to determine the thermodynamic
aspects by consecutive thermal cycling covering the
temperature range (7,—7T,). Several measurements
have been carried out on at least two different samples
of the same composition to provide the accuracy and
reproducibility measurements. The error in tempera-
ture is =+0.05°C.

Results and discussion

Structural identifications

The compositions GeSe,, GeSe,Tl, GeSe, and GeSe,T1
were checked using EDX spectroscopy. The EDX
analysis indicates that there are no any other elements
in the investigated compositions.

XRD patterns were recorded for the investigated
compositions in powder form. The diffraction pat-

GeSe, TI

GeSe,

GeSezTI
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Diffraction angle/degree

Fig. 1 The diffraction patterns X-ray of the chalcogenide
glasses GeSe, , GeSe,T1 ,GeSe, and GeSe,T1
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terns for these compositions which are characterized
by the absence of any diffraction lines, indicating the
amorphous nature of the prepared compositions as
shown in Fig. 1.

The scanning character of the DTA curves of the
amorphous compositions GeSe,, GeSe,TI (Fig. 2) and
GeSey, GeSeyTl (Fig. 3) were recorded at the heating
rates 5, 10, 20, 30 and 50°C min '. These curves are
characterized by endothermic peak corresponding to the
glass transition temperature 7, one exothermic peak de-
noting the crystallization temperature 7, and one endo-
thermic peak denoting the melting temperature 7;,. Val-
ues of transition temperatures T, 7, and T, are listed in
Table 1. It is observed that 7, and T}, are almost inde-
pendent of the heating rate o, while the crystallization
exothermic point locations (begin—peak—end) changed
markedly as the heating rate o. was varied.

The data in this table show that the glass transi-
tion temperature 7, fluctuates around a mean value as
o changes. This may be due to that the relaxation time
of the glass transition process is small compared to
the time allowed by the various heating rates. Conse-
quently, one should not expect the heating rate to
have a strong effect on the peak of 7,. The addition of
TI to Ge—Se system causes a decrease in T, from 395
to 191°C for GeSe,, GeSe,T1 compositions and from
165 to 132°C for GeSey, GeSe,T1 compositions at dif-

o= 5°C min"! —"'_~'-\q

o= 10°C min!

&= 20°C min!
— |
o=30°C min"!
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Fig. 2 DTA curves of the chalcogenide glasses GeSe, and
GeSe, Tl measured at different heating rates
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Table 1 The values of kinetic parameters under non-isothermal conditions of Ge—Se—T1 chalcogenide glasses

T./°
Composition Rate o/°C min™' T,/°C JC T/°C
begin peak T,/°C end

5 392 483 491 500 —
10 - 491 500 530 691
GeSe, 20 - 500 513 520 690
30 399 525 532 552 705
50 395 530 541 555 692
5 186 275 306 315 370
10 191 296 320 333 384
GeSe,T1 20 191 293 327 337 381
30 192 305 339 380 380
50 193 310 348 363 380
5 131 180 202 212 346
10 134 200 210 222 350
GeSe,T1 20 130 216 220 245 355
30 130 210 227 350 356
50 134 210 235 353 353

ferent heating rates. This may be attributed to the
weak TI-T1 bond strength [2] which has effect to de-
crease the viscosity of the melt, thereby decreasing
the transition, crystallization and melting tempera-
ture. On the other hand, 7 shift to higher values as the
heating rate o increases. Therefore, one can expect
the heating rate o to have a strong effect on 7, and Ty,
The profile (begin—peak—end) of the GeSe,, GeSe, Tl
and GeSesTl compositions depends on the heating
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Fig. 3 DTA curves of the chalcogenide glasses GeSe4 and
GeSe,T1 measured at different heating rates
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rate. While, the composition GeSe, is not affected by
the change of the heating rate a.

The general trend is that the areas under the exo-
thermic crystallization peaks become wider as the heat-
ing rate o increases. That is probably because a smaller
amount of the sample material has been crystallized at
lower values of a.. Turbull [13] pointed out that, the re-
sistance of liquids and glasses to nucleation implies
something about their structure. Furthermore, the area
under the crystalline peak becomes wider and shifts to-
wards a higher temperature range with increasing o.

The activation energy for crystallization

The crystallization kinetics of amorphous alloys have
been intensively studied using the classical Jonhnson—
Mehl-Avrami (JMA) theoretical model in which the
crystallized fraction y can be described as function of
time ¢ according to the following formula:

x(O)=1-exp[—(K7)"] (1
where 7 is the Avrami exponent, which depends on the
mechanism of reaction and the dimensionality of the
crystal growth [12]. K is defined as the reaction rate con-
stant, which has on Arrhenian temperature dependence,

EC
K=K, exp(—RTJ @)

where E. is the activation energy for crystallization
and K| is the frequency factor.

The crystallization process is generally well un-
derstood when the three kinetic parameters E., n and
Ky are known. Based on the aforementioned (JMA)
model, different authors [8—10] have developed very
diverse methods for calculating these parameters. In
non-isothermal crystallization, the existence of a con-
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Table 2 The values of activation energies obtained by different methods for the crystallization Ge—Se—T1 chalcogenide glasses

Kissinger’s method

Ozawa’s method

Methods of Augis and Bennett

Compositions

EJ/kJ mol ™ EJ/kJ mol ™ EJ/kJ mol™ Ky/s™!
GeSe, 190.0 190.45 210.05 1.57-10"
GeSe,T1 1523 144.87 145.03 2.27-10"
GeSeyT1 138.5 119.24 111.30 8.55-10"

stant heating rate condition is assumed. The relation
between the sample temperature and the heating rate
o can be written in linear form

T=Tytat 3)

where Ty is the initial temperature. The crystallization
rate is obtained by taking the derivative of expres-
sion (1) with respect to time, bearing in mind that the
reaction rate constant is a time function through its
Arrhenius temperature dependence, resulting in

y=nK""'[1+at](1-x) 4)
where y=dy/df and a=0.E/RT".

Kissinger’s method

According to Kissinger [14, 15], the term ot was ne-
glected in comparison to unity when (E/RT*)<<1, the
second derivative ¥ =dy / dr at the peak temperature
is given by:

RT

p

¥ =AnK(1- X)FE; - AnK} (5)

where A=[-In(1—y)]™ V™. The peak temperature of
crystallization 7}, is identified as the temperature of
maximum crystallization rate, i.e. the temperature at
which y =0.

°2=Cexp(— £, j (©)
T, RT,
where C=(ARnKy/E.). Taking the logarithm of the
above equation gives

E
In| % |=const.——< (7)
T} RT,

Measurement of the variation of peak temperature
with heating rate has been used to evaluate the activa-
tion energy of the reaction. Considering that the reac-
tion order n remains constant through the greater part
of the reaction, and so it was disregarded in the deriva-
tion. Accordingly, the activation energy of the crystal-
lization E, can be calculated from the shifts of the DTA
exotherms, 7, with the heating rate. The shift in the
exothermic peak temperature with change of the heat-

712

ing rate oo observed in Figs 2, 3, are used to determine
the effective activation energy of the crystallization.

Figure 4a shows a plot of In(a. /sz) vs. (1/T,) for
the exotherms of Figs 2, 3 for GeSe,, GeSe, Tl and
GeSe,TI. A straight line was fitted to determine the
effective activation energy E.. The magnitude for the
three compositions was as shown in Table 2.

Ozawa’s method

The activation energies of the crystallization processes
have also been calculated based on the Ozawa’s equa-
tion [16-18].

In o =const.—1052

= ®)
p

The plot of Ina as a function of 1/7, yields a

straight line, the slope of which gives the activation

energy E. as shown in Fig. 4b for the investigated

compositions. The values of E, are given in Table 2.

Method of Augis and Bennett

Augis and Bennett [19] have developed an accurate
method, which is based on substituting u for K¢ in
Eq. (4) as follows:

1=V (1=y) ©)

. du 1
U=—-=u-+a
W

For (E/RT)>>1, the right hand bracket approaches
its maximum limit and consequently u (at the peak)=1,
or

where

(10)

E T -7,
u=(Kt), =K,exp - —— 2> =1 (11
(Kr), =K exp RT, QY
In a logarithmic form
m—% = f Lk (12)
T -T, RT,

Also the activation energy for crystallization can
be deduced using Eq. (12). For the plots of
In[o/(T;—T5)] vs. 1/T, as shown in Fig. 4c. The values

J. Therm. Anal. Cal., 79, 2005



EFFECT OF THALLIUM ON THE CRYSTALLIZATION KINETICS
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Fig.4a—In[a /T pz ] vs. 1/T, plots for GeSe, GeSe, Tl and GeSe,T1 chalcogenide glasses; b —Ina] vs. 1/T;, plots for GeSe, GeSe,Tl
and GeSe,T1 chalcogenide glasses; ¢ — In[o/(7,—T)] vs. 1/T,, plots for GeSe,, GeSe,Tl and GeSe,T1 chalcogenide glasses;

® — GeSey; O — GeS,Tl; A — GeSeyTl

of E. and the frequency factor K for the crystalliza-
tion of amorphous GeSe,, GeSe, Tl and GeSe,T1 have
been calculated, and these values are given in Table 2.

From this table, it is observed that the values of
the activation energies obtained by using the three
methods are approximately of the same order for each
composition. The addition of Tl to Ge—Se system de-
creases the stability of the amorphous phase, so the
activation energy of crystallization E, is less than that
of Ge—Se. This leads to concluding that the addition
of Tl enhances the crystallization of Ge—Se. The de-
creases in the activation energy may be explained by
considering the structural change in the samples due
to addition of T1. A similar trend has been observed in
previous work for As,Se; doped with T1 [20] and the
same methods used to calculate the activation energy
for different compositions [21, 22].

Conclusions

Crystallization kinetics of the chalcogenide GeSe,,
GeSe,, GeSe, Tl and GeSe,Tl1 glasses have been suc-
cessfully determined under non-isothermal experi-
ment using three different methods. It is found that
the addition of Tl will decrease T, by about 51
and 19% for GeSe, and GeSe,, respectively, and the
crystallization activation energy E. decreases by
about 26% for GeSe,, while in case of the only com-
position GeSey it was not effected by the change of
heating rates. Such a decrease in activation energy
may be attributed to the increase in chemical disorder
and a change in the microstructure.
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