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The results of studying the kinetics of non-isothermic crystallization of Sb—S—I glasses are given.
By DTA and DerTA methods the characteristic temperatures of thermal effects Ty, Tc, T, have
been investigated. The activation energies of originating nuclei of crystals AG 40 and their growth
AGanm have been calculated from temperatures begining at Tco and maximum Teas of the crys-
tallization effect as a function of the heating rate gq. The critical radii for nuclei of crystals r. and
amorphization radii r, are calculated. The crystallizability of melts depending on the composition
has been studied. The compositions from the regions of eutectics have been shown to possess a min-
imal crystallizability, and those ones in the vicinity of SboSs and SbSI stoichiometric compounds
possess a maximal one. The results obtained are being discussed proceeding from the peculiarities

of the structure of studied materials.
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I. INTRODUCTION

The unique combination of diverse properties in
chalcogenide glassy semiconductors conditions a wide
range of their practical application. Non-crystalline an-
timony chalcogenides and chalcohalogenides (Sb—S(Se)—
I(Br) systems) are very promising in this aspect. Due to
high photoconductivity and light sensitivity, specific op-
tical properties, the existence of a polar state the glasses
of these systems can serve as the initial material for cre-
ating the media of optical information recording, radia-
tion indicators, optical elements of IR technique, high-
voltage supply sources, ferroelectric glass-ceramics [1-5].
However, preparing these materials in a glassy state is
connected with some difficulties because of a high crys-
tallization ability of their melts. As the calculations and
experiments have shown the majority of glasses in Sb—
S(Se)-I(Br) systems may be prepared under the condi-
tions of hard quenching (at cooling rates of melts equal
to 100-300 K/s [4,6]). The crystallization of the glasses
of indicated systems is very specific, too. That is why it is
necessary to study the mechanisms and kinetics of “melt—
glass” and “glass—crystal” phase transitions. The study
of crystallization processes of glasses allows one to qual-
itatively connect relaxation and kinetic parameters with
critical cooling rates of the melt in the glass-formation
process, to develop technological regimes of preparing
glasses with reproducible parameters, high stability and
thermal resistance, to define optimal regimes of prepar-
ing ferroelectric glass-ceramics.

In the present report the results of studying the ki-
netics of non-isothermic crystallization of Sb—S-I glasses
(Sb—S and SbeS3—Sbls sections) are given.

II. EXPERIMENTAL METHODS

The glasses under study were synthesized by the
method of vacuum fusion of purity elements in ac-
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cordance with the methods given in [4, 6, 7]. Differ-
ent methods of quenching melts allowed us to prepare
Sb.S;1_, alloys with antimony content up to 3545 at.%
and (Sb2S3),(Sblz)1—, alloys with iodine content up to
33.3 at.% in a glassy state.

By the DTA method [8] at heating rates ¢ =0.08;
0.17; 0.25 and 0.33 K/s the characteristic temperatures of
thermal effects of glasses were studied (temperatures of
glass-formation T, crystallization T¢, melting T5,). The
crystallization process is characterized by temperatures
of the exothermic effect begining of crystallization Teoo
and maximal growth rate of a crystalline phase T¢j;. In
many cases it is very difficult to unambiguously define
these temperatures by the DTA method.

That is why while studying the non-isothermic crys-
tallization of Sb,Si_, and (Sb2S3), (Sblz);_, glasses the
DerTA method [9] was used by us which possesses more
expressed singularities in thermograms and allows one to
determine temperatures of thermal effects with a larg-
er accuracy. The accuracy of temperature determination
made up +0.5 K.

III. RESULTS AND DISCUSSION

In Fig. 1 DTA and DerTA thermograms of some glassy
alloys of Sb—S—I system (typical for all studied materials)
at heating rates of 0.08 K/s are given. Softening, crystal-
lization and melting effects of a crystallized phase are ob-
served in these curves. The concentrational dependences
of characteristic temperatures T}, T;. and T}, are given in
Fig. 2. The value of T, corresponds to the maximum of
crystallization. It should be noted that the composition
trend of a curve T, agrees well with the liquidus curve of
a stable phase diagram of SbyS3—Sbl; system [10]. The
similar situation is observed in Sb-S system [11]. With
increasing the iodine content in the composition of glass-
es the crystallization and melting effects get noticeably
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complicated. While introducing a small amount of Sbl
additional crystallization and melting effects appear in
DTA and DerTA curves (Fig.1, curves 3, 3'). With in-
creasing the iodine content these effects increase in am-
plitude. At this the decrease in T, and T. (Fig. 2) is
observed.
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Fig. 1. DTA (1-5) and DerTA (1'-5') curves of glasses in
Sb-S-I system. 1, 1’ — crystalline Sb2S3; 2, 2" — Sbg.40S50.60;
3, 3’ — Sbo.39S0.5910.02; 4, 4’ — Sbo.37S0.4s8l0.15; 5, 5 —
Sbo.3350.3310.33.
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Fig. 2. Dependences Ty, T., Ty, of (Sb2S3), (Sbls)i—, glass-

es vs composition.

A complex character of thermograms speaks in favour
of a microheterogenic model of the structure of glass-
es of Sb—S—I system. The structure of Sb,S;_, glass-

es is determined by a random two-dimensional network
structure whose main element is SbS3/, trigonal pyra-
mid [5]. The presence of excess antimony and iodine pro-
motes the formation of a complicated spacially branched
quasieutectic structure [12]. At high temperatures in
(SbaS3),(SbIs)i—, glasses the activated complexes with
the structure close to that of a crystalline SbSI may ap-
pear. The formation of such high-polarized complexes
was revealed while studying dielectric properties and IR-
spectra of glassy SbSI [3,7].

The availability of some structural units promotes the
glass-formation in Sb—S—I system. However, in the re-
gion of a ternary compound (SbSI) it sharply decreases
due to suppression of relaxation and kinetic factors by
the processes that result in the thermodynamic balance.
The indirect proof of increasing the crystallization abil-
ity of glasses with y > 0.25 is a considerable increase in
their T, and T, (Fig. 2). The crystallization ability of
glasses may be estimated with the help of the parameter
introduced by Hruby [13]

Ko = -4 . (1)

The larger the difference T, — T, and the smaller the
temperature interval T,,, — T, the less is the probability
of the fact that when heating the glass it will crystal-
lize. The dependences of K¢ vs composition are given
in Fig. 3. It is seen that the maximal value of this pa-
rameter (Kg =0.60) in SbyS3—Sblz system is for the
alloy of eutectic composition (y = 0.25). The glasses of
stoichiometric composition SbyS3 (0.15) and SbSI (0.10)
possess minimal values of K. In Sb—S system the pa-
rameter K varies within the limits of 0.15-0.20 and
non-stoichiometric glassy Sb,S1_,. alloys (« # 0.40) have
larger values of K.

KG 1 Tgr

Fig. 3. Dependences of parameters Kg and Ty, of
(Sb2Ss)y(Sbls)1—, glasses vs composition.

It should be noted that for the majority of glass-
forming alloys of different chalcogenide systems a good
correlation of the parameter K with the reduced tem-
perature of glass-formation Ty, = T, /T, exists [14]. The
glasses having a low crystallization ability are charac-
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terized by high values of Kg and Tg,. In Sb-S system
the value of Ty, while varying the composition does not
practically change and is within the limits of 0.59-0.60.
In SbyS3—Sbls system the glass of eutectic composition
possesses the maximal value of Ty, (iodine content makes
up 19 at.%) (Fig. 3) The data obtained testify to the fact
that the glasses from the regions of eutectics possess the
minimal crystallization ability in Sb—S-I system, and the
glasses near stoichiometric ShoS3 and SbSI compounds
have a maximal crystallization ability.

The kinetics of any phase transition is determined by
the nucleation rate (I) and the rate (U) of subsequent
growth of the size of the inhomogeneities of composition
and structure. If the centres of crystallization are absent
in the glass, it is necessary to take into account the rate
of their spontaneous formation. In this case the inhomo-
geneities are nucleated by a fluctuation way. Because of
the formation of the phase interface this nucleation is
accompanied by a small time increase in the free energy
of the system. The increase in the free energy may some-
times exceed its decrease connected with the crystalliza-
tion that is the nuclei may be unstable. Stable nuclei
are formed with a noticeable rate at certain overheating,
which depends on relative magnitudes of the free energy
of the phase interface and that of crystallization.

The behaviour of the nucleus depends on its size. It can
grow or dissolve as both processes are accompanied by
the decrease in the thermodynamic potential. The nucle-
us will grow if its radius is larger than some critical one.
The radius of a critical nucleus r. may be determined
from the relationship [15]

20T,V
"= AH,AT )

where o is the free energy on the interface crystalllglass,
V' is a molar volume, AH,, is a molar enthalpia of melt-
ing, AT =1T,, —T.

The specific free energy of surface tension o in ac-
cordance with the empiric approach of Skopski—Turnbull

[16] may be estimated from the formula

BAH,
o= Dotn_ (3)
NA V2/3

Here (8 is constant, for chalcogenides =~ 0.2 [6], Ny —
Avogadro’s number.

If the nucleus radius of a crystalline phase is within
the limits of r. < r < r,, the growth of nucleus is more
favourable, though its presence in the system remains not
energetically favourable, on the whole. The dimension
of the nucleus with which the ordering process becomes
favourable is given by the expression [15]:

30T,V
"= A, AT @

The magnitude r, may be considered to be the smallest
radius of stable crystals. It is often called the “amorphiza-
tion radius”. The nuclei formed begins to grow with the
rate to be determined by the diffusion rate of atoms nec-
essary for the crystal surface growth. The initial data
and calculated radii r. and r, of some alloys of Sb—S-I
system are given in Table 1. For comparison the similar
data for Asg 49Seq.¢0 alloy are given here. The data r. ob-
tained for this glass correlate well with those determined
earlier (r. = 9 A) [17]. As a kinetic barrier of the crystal-
lization the activation energy of viscous flow was used.
As it is seen from Table 1, the alloy, which corresponds
to stoichiometric SbSI has the smallest values of r. and
r,. It testifies to a very high crystallization ability of the
given material and explains well an exclusive difficulty of
preparing it in a glassy state.

Since the nucleation and growth of a new phase bear
an activation character one should consider the process
flow and matter of the activation energy of crystallization
in accordance with the statements of the general theory
for absolute reaction rates [18].
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Parameter  |Sbo.4050.60 |Sbo.3650.4510.19 | Sbo.3350.3310.33 | Aso.405€0.60

T, K 183 433 349 453

T., K 525 505 369 579

T, K 808 599 673 638
AH,,, kJ/mol 29.7 23.5 17.8 35.3
o103, J/m2 56 49 45 43
re - 1010 m 6.4 6.8 4.4 8.5
rq - 1010 m 9.6 10.2 6.5 12.8
AG 49, kJ/mol 131 188 90 158
AG A, kJ/mol 114 176 82 146

Table 1. Thermodinamic and crystallization parameters of glasses.
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The following equation is the basis for the experimen-
tal determination of kinetic parameters of the crystal-
lization of glasses [19]

da
E = feT). %)

Here f(«,T) is the quantity function of the matter «
which changed into a crystalline state and temperature
T at the moment of time 7. The rate of given off heat
dQ/dr ~ da/dT may be recorded in the form of peaks in
thermal analysis curves. Though the kinetic equation (5)
depends on a definite mechanism of the reaction, one of
its most used variants for the majority of processes has
the form [20]

dfoz
dr

(6)

=A(1l —«a)"exp (—ARC;A) .

Here A is a pre-exponential factor (frequency factor), n
is the “order” of the reaction, AG 4 is the activation ener-
gy of the process. Its essence is transforming a structural
complex into an activated state along the direction of
crystallization reaction.

Since the dependence of the characteristics upon heat-
ing rates is peculiar for kinetic flowing processes (with
increasing ¢ the values of T, and T, increase), for defi-
nite points of DTA and DerTA curves of glasses one may
estimate the activation energies of processes that take
place in them with sufficient approximation [21].

In case of the first-order reaction (n = 1) by studying
the reaction (6) for the extremum and taking the sta-
tionarity of the process into account Kissinger [22] got
the relation

AG4
R 3

d(ln(Q/Tgmax)) —
d(1/Temax)

(7)

where R is an universal gas constant; Tcpmax is the ex-
tremum temperature in thermal analysis curve. By solv-
ing the equation graphically (7), we found the activation
energy AG 4 of the process under study.

In practice a somewhat modified variant of defining
the activation energies is used [23]. Constructing the de-
pendences of temperatures Tco and T, of onset and
maximum of crystallization thermal effect upon the rate
of programmed heating ¢, we obtained the activation en-
ergies of crystallization from the relationship of the fol-
lowing kind:

1 R
Oy — ]
Too = 007 Al 4 ®)
1 R q
— SR L M 9
Tem AG am T(%M ©)

Here Cy and C); are the constants which depend on the
nature of a material and conditions of the experiment.
The activation energies AG49 and AG 4ps were deter-
mined according to the inclination of dependences 1/T ¢
of Ing and 1/Tcps of In(q/TZ,,)- The results of calcula-
tions are shown in Fig. 4.
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Fig. 4. Dependences of activation energies AGao and
AGam of (Sb2S3)y(Sbls)i—, glasses vs composition.

It is evident that at temperatures of the crystalliza-
tion begining of glasses T the part of activation energy,
which forms crystal nuclei prevails in AG 4¢. It includes
the process of diffusion or reorientation of molecules into
a right unit. At Ty the activation energy of the crys-
talline phase growth in AG 4, prevails.

As it is seen from Fig. 4 and Table 1, the activation
energies of crystallization in SbyS3—Sbls system greatly
depend on the composition of glasses. Maximal values of
AG 49 and AG 4 are observed for the glass of eutec-
tic composition (y = 0.25). Either with the increase or
decrease of iodine content in the composition of glass-
es of Sb—S—I system these parameters greatly decrease
and their crystallization ability increases. A stronger
concentrational dependence of AG49 and AGps for
glasses from Sbo,gﬁSo_4510.19*Sb0_3380,33]:0_33 region than
for glasses with smaller iodine content should be men-
tioned. In Sb—S system the values of activation energies
are within a considerably narrower interval (AGao =
123.2 +130.6 kJ/mol, AGap = 105.3 <+ 110.8 kJ/mol)
and the maximum of AG 49 and AG 4, is observed for
the glass of stoichiometric composition (z = 0.40). Such
behaviour of crystallization parameters of glasses may
be explained on the basis of their local structure. As it
was mentioned earlier, in the region of stable bulk glasses
with y < 0.25 the structure of (Sb2S3), (SbIs)1—, glasses
is quasieutectic and capable of forming polar structural
units. In glasses depleted in iodine the main structural
element is SbSsz/, trigonal pyramid. It is evident that
regrouping of spacially coordinated SbSs/, pyramids is
more complicated. This results in more higher values of
AG a0 and AG 2y for the glasses close to SboS3 by the
composition than for those ones with high iodine con-
tent. The results obtained correlate well with the results
of calculating r. and r, (Table 1). It is seen that the
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glasses with the smallest crystallization ability have the
largest values of 7., rqy, AG a9, AG Apy-

The analysis of preparing and crystallization condi-
tions of the system under study has shown that the sur-
face crystallization is typical for them. The free surface
of the glass has larger probability of forming a thermally
activated nucleus than the fluctuation origin of the nu-
cleus in the glass bulk. In the process of non-isothermic
heating the transition from surface to volume crystal-
lization takes place. The given conclusion is confirmed
by the results of studying chalcogenide glasses in a dis-
persed state [24]. While decreasing the sizes of grains
both critical sizes of nuclei and activation energies of
crystallization AG 49 and AGa); decrease, too.

IV. CONCLUSION

As a result of this study and the conducted calcula-
tions it is established that the glasses of stoichiometric
compositions (SbeSs and SbSI) possess minimal values
of activation energies of crystal nuclei origin AG 49 and
their growth AGap; in Sb—S-I system. These composi-
tions have the smallest critical radii of crystalline nuclei.
The change in the composition of glasses is accompanied
by the essential changes in thermodynamic and crystal-
lization parameters. The glasses from the region of eu-
tectics possess the smallest crystallization ability. Such
a behaviour of parameters of the crystallization of Sb—
S—I system is connected with the peculiarities of their
structure.
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IIAPAMETPU KPUCTAJIIZAIIIl HEKPUCTAJIITYHUX XAJIBKOTEHIJIIB CYPMU

B. M. Py6im, M. B. To6om, IT. IT. IIIrens, I. I. Inak, B. B. Py6im, I. M. FOpkin, /1. I'. Cemak, B. I. ®enenem
Votceopodevkuti Hauionasvhutl yrisepcumem,
eys. Bosowumna, 54, Yorceopod, UA-88000, Ykpaina

Tlogano pesysabraT JOCIIIXKEHHS KIHETUKN Hei30TepMidHOl KpucTasisanil crekos cucremu Sb—S—I1. Merogamu
JTA i IITA BuB4yeno xapaxkrepucrudHi Temueparypu temnosux edekris Ty, T, Tr,. I3 3amexxnocreit TeMepa-
Typ no4darky Tco i makcumymy Teonr ederTy Kpucrasizarii Bij IIBHIKOCTH HarpiBaHHSI ¢ PO3PAxXOBaHO eHeprii
aKTUBAIl BUHUKHEHHs KpuUCTAiuHuX 3apoikiB AGao 1 ix pocty AG Ay . Busnayeno xpurudni pajiiycu Kpuc-

TAJIYHUX 3aPOJIKIB T 1 pajgiycu amopdizarii r,. JlocaiizkeHo KpucramizamiiiHy 37aTHICTD CIUIABIB 3aJI€XKHO Bif
ckaay. [lokazano, 110 MiHIMAJIBbHY KpUCTAII3aIifiHy 3[aTHICTh MAIOTh CKJAAJU 3 JJISTHOK €BTEKTHK, & MaKCH-
MaJIbHY — CKJIaJM MOOJN3Y CTEXIOMETPUIHUX CHOIYK SbaS3 i SbSI. Orpumani pe3ysibrarit 06roBOpeHO Ha OCHOBI

0COOIMBOCTEN CTPYKTYPU BUBUYEHUX MATEPIsiJIiB.
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