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Abstract

Isothermal crystallization of bulk As,Se, glass was studied in temperature range 270-360°C.
Johnson-Mehl-Avrami (JMA) equation describes the crystallization process in the whole tem-
peratnre range. By means of analysis ot JMA equation the temperature dependence of kinetic ex-
panent n was found, its value changes from 3.8 10 1.9 with increasing temperature. The relation-
ship between the value of # and crystal morphology was briefly discussed. Furthermore the value

of apparent activation energy £ was determined as well as melting enthalpy, Temperature depen-
dence of crystal growth ratc was also determined.
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netics, melting enthalpy

Introduction

Chalcogenide glasses have been studied very intensively for many years. AssSey
glassy system has been studied mainly from the point of view of optical [1,2] and
thermal properiies [3]. As;Se; represents one of the best characterized chalcogenide
based glass-formers. It can be easily prepared in semiconductor purity and this ma-
terial is also considerably stable in the glassy state. Good thermal stability and rela-
tively low crystallizavion rate of glassy AsySes allow Lo mcasure isothermal crystal
lization and in this way to study a kinetics of crystallization process.

The crystallization kinetics, viscosity and temperature coefficient of expansion
of amorphous As;Ses were investigated by Henderson and Ast [5]. The kinetics was
characterized under isothermal conditions from 240 to 360°C. Microscopic exami-
nation of partially crystallized As,Se revealed a spherulitic growth of the crystalline
phase and the constant isuthennal growth rates with respect to time. It was found that
below 350°C the individual crystallites grew with a two-dimensional (plate-like)
morphology. Above this temperature (at temperatures approaching the melting
point, Ty=373"C) thc crystal growth morphology change to a rod like structures.

* Permanent address- Iaint Laboratory of Solid State Chemistry, Academy of Sciences of the Czech
Republic and University of Pardubice, Studentskd 84, C2-532 10 Pardubice, Crech Republic

1418-2874/99/ § 5.00 Akadémini Kiadd, Budapest
© 1999 Akadémiai Kiads, Budapest Kluwer Academic Publishers, Dordrecht



424 CERNOSKOVA ¢l al.; GLASSY As:Scs

The activation energy for the crystal growth rate was found to be 1.6 eV by dircct ob-
servation. The crystallization kinetics was described by the Johnson-Mehl-Avrami
(IMA) equation. The constancy of kinelic exponent » for each icotherm was found
to be consistent with the fact that the growth morphology, the functional dependence
of nucleation rate and growth rate on time do not change throughout the crystal-
lization process. For all powder sizes the value of n was approximately constant and
equal to 4.5 for temperatures from 250-300°C. The value of n decreases to 4.0 in
temperature range from 300 to 335°C. The value of r greater than 4.0 was interpreted
as indicating that the total nucleation rate is an increasing function of time (regard-
less of the crystallite growth morphology).

In the present work we carried out isothermal DSC measurements of bulk As,Sey
in a wide temperature range to obtain more detailed information ahout crystal-
lization kinetics of this technically interesting material.

Experimental

Bulk amorphous As,Sey was prepared by using conventional method of pure ele-
ments direct synthesis. High purity elements (5N) were placed into quartz ampoule.
The synthesis was performed in sealed evacuated ampoule in a rocking furnace at
650°C for 24 h. After synthesis the melt was cooled in air,

Isothermal crystallization of bulk samples (about 17 mg) was studied in tempera-
ture range 270-360°C by using a differential scanning calorimeter DSC-7 (Perkin
Elmer).

The morphology of crystals growing at various temperatures was checked by us-
ing optical microscope BX - 60 (QOlympus).

Results and discussion

Isothermal crystallization experiments were conducted from 270 to 360°C. The
enthalpy of crystallization was found to be AH,,,.=91.5£2.7J g,

Isathermal crystallization of ASZSe] glass
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Fig. 1 Some of experimentally obtained isothermal DSC traces of glassy As,Se,
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Fig. 2 Time dependence of degree of crystallization obtained by integration of cxperimental
data. Curve 10 (360"°C) is pertinent to equilibrium of crystal growth and melting. See
also Fig. 3 for maximum crystallization rate temperature dependence

Experimental isotherms (Fig. 1) were integrated and the time dependence of de-
gree of crystallization e was obtained, Fig, 2. Temperature dependence of maxi-
mum crystallization rate is shown in Fig. 3. The crystallizalion ratc increases to the
temperature 350°C. Close to the melting temperaturc the equilibrium between crys-
tal growth and melting occurs significantly, Fig. 2, curve No. 10, and crystallization
rate falls down rapidly, as onc can assume, Fig. 3.
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Fig. 3 Temperature dependence of isothermal crystallization rate {poinis) obrained from com-
puter fit of degree of crystallization time dependence
All data were analyzed in wcrms of JMA equation:
;=1 -exp(—(k0)"), H

where t is time, k is ratc constant having an Arrhenian temperature dependence
(k=Aexp(-E/kT)), E is an apparent activation energy of crystallization and s a ki-
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netics exponent reflecting the growth morpho!ogy and nuc]ee}tlop u;qe dep:g:le'r:r:ﬁ
{5]. Other constants have conventional denotation. JIMA cquatlonlls t‘ c}sz‘m:hc 5 ﬁaqe
eral equation describing kinetic of new pha:§e growth as \.avcl asctml)emogq[r‘a_
changes [6] and thus according to our opinion its application is correct. s

tion of IMA it for two different isotherms are shown in Fig, 4
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Fig, 4 Experimentally ohtained degree of crystallization time dependence {points) and its
computer fit (lincs), Johnson-Mehl-Avrami equation was used

Using non-linear regression the values of paramcters & and # of JMA equation
were obtained. Based on the thermal dependence of the rate constant & the value of
apparent energy E was determined, Fig. 5. The value of £ is 1.58 ¢V (pre-exponen-
tial factor A=1-10%5") at temperatures below approximately 570 K (297°C) and
above this temperature the E value decreases to 0.99 eV (A=7-10° ™). Because the
mechanism of crystallization process can be temperature dependent. two different
mechanisms with different valyes of E can be assumed. Nucleation together with
crystal growth are dominating at lower temperature region while entirely crysial
growth is crucial at higher temperatures.
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Fig, 5 Activation energy of crystallization process obtained from computer fit of experimental
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Furthermore the Kinetic exponent » exhibits temperature dependence and its
value decreases from 3.8 to 1.9 over the whole studied temperature interval. The
temperature dependence of the kinetic exponent can clearly be divided into four
parts, marked A-D in Fig. 6.
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Fig. 6 Temperature dependence of IMA kinetic exponent # obtained from computer fit of ex-
perimental data

In the part A the kinetic exponent n decreases from the value ~3.8 to 2.75. With
respect to the higher value of apparent activation energy (E=1.58 eV) we suppose
that the nucleation and the crystal growth take place at the same time as we men-
tioned above. This conclusion is in accordance with values of a for various crystal-
lization processes predicted by Mora [7].

In the part B the a value {~2.75) is practically constant. In accordance with ex-
perimentally obtained value of n and lower value of apparent activation encrgy
E=0.99 eV only the crystal growth is probably the dominating process. Optical mi-
croscopy measurement confirmed that consistent with the value of # the crystals
growing under these thermal conditions are three-dimensional. This agrees well with
[7] again.

In the third temperature region (C) the kinetic exponent n decreases from 275t0
1.9 and the E value remains constant (£=0.99 ¢V). The crystal growth process is
probably the same as in previous case but dimensionality ol crystals changes. Two
dimensional plate-like crystals come up together with three-dimensional ones as
confirmed by optical microscopy.

The last region (D)) approaches at the end the melting point of As,Se; crystals.
The plate-like crystal growth morphology predominates, which is in accordance
with experimentally found kinetic exponent value (n~1.9).

In comparison with Henderson and Ast [5] our results differ especially in the
magnitude of kinetic exponent values. They found n changed from value 4.5 in the
low temperature region to n=4 (at 335°C) and the value of n was interpreted regard-
less of the crystallite growth morphology. In contrast, the value of n calculated in our
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work reflects the growth morphology of crystals (n~2 in case of two-dimensional
growth and n~2.75 in case of threc-dimensional one). The values of n>3 found by
isothcrmal measurement in the low temperature region can be explained by mixing
nucieaticn and crystal growth [7].

Temperature dependence of kinetic exponent n experimentally taken is in strong
contradiction with the assumption of constant n used in numerical analysis ol non-
isothermal data [8-10]. We are alraid that the result obtained by analysis of non-iso-
thermal data can be incorrect at least in some cases. Especially in those cases when
non-isothermal crystallization can be observed over a wide thermal interval. It is
well known from many experiments that only Sestik-Bergren accommodation func-
tion (having no physical meaning) can be used to the description of experimental
data in these cascs.

* kK

The authors wish to thank Prof. R, W, Rychwalski and dr. I. Vernel from Chalmers Tekniska
Hogskola, Goteborg, Sverige for stimulating discussions. Svenska Institutet, Stockholm, Sverige
and Grant Agency of the Czech Republic (projects No. 203/99/0046, 203/98/0184 and
203/98/0103) are acknowledged for financial support.

References

I M. Frumar, 7. Palik, 7. Cernogek, M. Vigek and B. Frumarova, in: Physics and Applica-

tions of Non-Crystalline Semiconductors in Optoelectronics (A. Andriesh, M. M.

Bertolotti, eds.) NATO ASI Series, Vol. 36, Kluwer Academic Publishers, London 1997, p.

123.

M. Frumar, Z. Poldk, Z. Cernotek, B. Frumarova and T. Wagner, Clicm. Papers, 51 (1997)

310.

T. Wagner and S. O. Kasap, Philos. Mag. B, 74 (1996) 667.

D. D. Thornburg and R, L. Johnson, J. Non-Cryst. Solids, 17 (1976) 2.

D. W. Henderson and D. G. Ast, J. Non-Cryst. Solids, 64 (1984) 43,

J. H. Brophy, R. M. Rosc and J. Wulff, in: Structure and Properties of Materials, Vol. 1l

Thermodynamics of Structure, John Wiley & Sons, New York 1967, p. 106.

M. T. Mera, Amorphous Insulators and Semiconductors (M. F. Thorpe, M. I. Mitkova,

cds.) NATO ASI Series, Vol. 23, Kluwer Academic Publishers, London 1997, p. 45.

8 J. Maélek, Thermochim. Acta, 200 (1992) 257.

6 1. Malek, Thermochim. Acta, 267 (1995) 61.

10 C. Wagner, J. Vazques, M. Dominguez, P. Villares and R. Jiménez-Garay, Materials Chem-
istry and Physics, 43 (1996) 227.

f= SRV R SR PR} )

~

1 Therm. Anal. Cal, 56, 1999



