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Abstract: Different compositions of thény(Se;sTezs)100-x (0 < x < 10 at.%) chalcogenide system were prepared by the usual melt
quench technique. The results of the Differential Scan@afprimeter(DSC) under on-isothermal conditions were reported in order
to study the effect of replacement of In atoms by SeTeratoms on the glass transition, crystallization kineticd #me thermal
stability for Iny(Se7sTexs)100-x glasses. The glass transition temperature was found teases with the increase in In content.
The thermal stability of the studied glasses has been eealugsing various thermal stability criterid T, Hg and S), based on

the characteristic temperatures such as the glass tamsgnperaturgTg),the temperature at which crystallization begiiis), the
temperature corresponding to the maximum crystallizatitea (Tp), A comparison of various simple quantitative methods t@sss
the level of stability forny(Se;sTezs)100-x (0 < x < 10 at.%) glasses is presented. The obtained results wengsdied in terms of the
glass density, molar volume,compactness and chemical &opebach.

Keywords: Thermal stability; amorphous glasses; semiconductors.

1 Introduction crystallization begin$T;), the temperature corresponding
to the maximum crystallization ra{d}), and the melting
emperaturgTy). Some of the suggested methods,|

7] are based on the crystallization activation energy. The
haracteristic temperaturé€®;, Tc andTp) are easily and

! , , accurately obtained by the differential scanning
_el;amentts, mfra;fed %%t'cal rf:bers, almd for tge _transfer c’fcalorimetry L8 during the heating processes of the glass
In ohrmall lon |B' ].I' ey have also T]se in h'many dsample. Dietzel 14] introduced the first glass criterion,
technological applications, as xerography, switching andy - _ Te-Tg (Tc is the temperature at which crystallization

memory dewqes, photpllthographm process, and in the‘oegins),which is often an important parameter to evaluate
fabrication of inexpensive solar cells, and more recentlythe glass forming ability of the glasses. Saad and

as reversible phase change optical recorders and mors : ; o :

; ' X ; oulain obtained two other criteria, weighted thermal
recent importance in optical recordlr@§,7,8,9,10,1l]. stability [13]9: ATITy and S=(Tp-To) AT/T% criterion
Recording materials must be stable in the amor.ph(?u%vhereT0 is the initial temperature. In the present work,
state at low temperature and have a short crystalllzanoqhe above-mentioned criteria have been applied to the

time. Promising materials with these characteristics hav <y < 0 .
been recently studied1p,13). Therefore, it is very iﬂga,sei?]-gezsp));()r:%é?ers{;(t ﬁgatéﬁ% gslas(jséecsrégslz fsvlijt?]d

|mptorFa|nt tcl)jl;fnow tthg glalass Stabt'.lt't{. of the‘;’ﬁ tg/pe; 0fincreasing the In content. Bearing in mind that, the values
materials. Ditterent simpie quantitative methods Nave ¢ y,qqq parameters increase with increasing stability, it
been suggested in order to evaluate the level of stability Oﬁossible to suggest that, the fr@e content glass, the
the glassy alloys. Most of them as Dietzel and Hrubj [ reater thermal stability. In addition, the glass traositi

19 are based on the characteristic temperatures (th‘? gla mperature were found to increase with the increase of In
transition temperaturéTy), the temperature at which

Glasses of chalcogen elements were the initial object o
study because of their interesting semiconductingC
properties 1,2] that makes it to use for infrared optical
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content this behavior were discussed in terms of the glas3#(1 — 2RTo/E)exp(—E/RTp), where T, is initial
density, compactness, molar volume, fragility and thetemperature, then equation 4 can be rewritten in the form
chemical pond approach. of:

| = KoE(aR)te Yy 2(1—2y 1 (6)

The maximum crystallization rate in a non-isothermal
process which occurs at the peak of the exotherm attiime
and temperaturg, [20] is found by puttingd®x/dt?, thus
obtaining the relationship:

2 Theoretical background

The theoretical basis for interpreting kinetic data is
provided by the formal theory of transformation kinetics.
This theory describes the evolution with tinfe of the
volume fraction crystallizedx) by JohnsonMehl and > e aE(l)p

Avrami equation 20]: d*x/dt = nKp(l)p— (N—1)Kp— RT? =0 (7)

x=1—exp(—(Kt)" 1
S NKp(1)p = (N 1Ky~ T2
wheren is an integer or half integer depends on the Substituting for(y = E/RT)and(K = Keexp(—E/RT))
mechanism of growth and the dimensionality of the j,iq Eq. 6 one obtains :
crystal,K is the effective (overall) reaction rate constant,
which obeys an Arrhenius expression for the absolute | = RT2K(aE) (1 2RT/E) 8)
temperature:

—E Substituting the last expression fbinto Eq.79, one
K(T) = KOeXpﬁ ) obtains the relationship:

whereKq is the frequency factorT is the absolute
temperature ande is the effective activation energy
describing the overall crystallization process. The rate . . . o
: ~ ; When this relationship is equated . 8 this gives:
constantK in a non-isothermaDSC experiment was RT2K (aE)*Ko(—E /RTo) — (1— 2RTo/nE)Y/n
found to changes continually with time due to the change™'p , P P
in the temperature, therefoEa. 1 can be generalized to: < (1—2RTp/E)~* or in a logarithmic form

lp = (1— 2RT,/nE)Y/" 9)

X(t) = 1—exp[—( / KT = 1—exp(—1") @) N(Tp/@) +In(KoR/E) — E/RTp ~ (2RTp/E)(1 - 1/(r112()))
) ’ ) where the functionln(1— z) with z= 2RT,/nE or
whereK [T (t)] is still given byEq.2, andT(t ) isthe  z=2RT,/E is expanded as a series and only the first term
temperature at tinte [21]. The crystallized volume has been taken. Note thag.10 reduces to the Kissinger
fraction depends on timét) through the temperature, expression for then = 1 case as one might have
T(t), and the same is true for the integial The time anticipated since this corresponds to the homogeneous
integral in EQ.3 is transformed to temperature integral, reaction case. Thus, it can be seen that, the Kissinger

yielding: method is appropriate for the analysis not only of
homogeneous reactions, but also for the analysis of

Ko [T -E. heterogeneous reactions which are described bylth&

H(T) = E/To exp(ﬁ)dT ) equation in isothermal experimenta(]. The right-hand

. . . _side (RHS) of Eq.10 is generally negligible in
which represented by several approximate anaL,Iyt'ca[iomparison to the individual terms on the left hand side
expressionsg2]. By using the substitutioy = E/RT,  for g < 100Kmin~L. This approximation irEq.10(RHS)
the above integral has been represented by the sum of thgpjies:
alternating series:

2 — _
e ke s In(TZ/a) = Ec/RTp— In(oR/E) (1)

Sy) = 7 % B S (5) whereE; = E (the activation energy for crystallization)
k= and the quoted approximation might introduce a 3% error
Considering that, in this type of series the error in the value ofec/Rin the worst cases.
produced is less than the first term neglected and bearing
in mind that in most crystallization reactions
y =E/RT >> 1. Therefore, it is possible to use only the 3 Experimental details
two first terms of this series and the error introduced is
not greater than 1%. By assuming that, Different compositions of bulkngSey, xTex (X=0, 5, 10,
T?(1—2RT/E)exp(—E/RT) >> 15, 20 and 25 at. %) chalcogenide glasses were prepared
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starting by In, Se and Te elements with high purity 4 Resultsand discussion
(99.999%) by the usual melt quench technique.

The elements were heated together in an evacuateHig. 1 shows thex — ray diffraction patterns for the
(102 Pa) silica ampoule up to 125K, then the ampoule  In,(SersTess)100.x (0 < x < 10 at. %) glasses. The
temperature kept constant for about 24 h. During theabsence of the diffraction lines in the— ray patterns
heating process the ampoules were shaken several timé@sdicates that the glasses have amorphous structures.
to maintain their homogeneity, then the ampoule wasFig. 2(a) shows theDSC thermograms for the amorphous
guenched in ice cooled water to avoid the crystallizationthe Iny(Se;sTess)100-x (0 < X < 10 at. %) glasses recorded
process. The amorphous state of the materials waat heating rate 10 K/min. As shown in this figure, there is
checked using x-ray (Philips type 1710 wi@u as a a very small single endothermic peak. This peak is
target andNi as a filter,A = 1.5418 A) diffractometer.  attributed to the glass transition temperature range as
The absence of the crystalline peaks confirms theshown in Fig. 2(b) which represents the strength or
amorphous state of the prepared samples. The elementeidity of the glass structure. Also there is an exothermic
compositions of the investigated specimens were checkegeak originating from the amorphous-crystalline
using the energy dispersixe- ray (Link Analytical Edx) transformation.
spectroscopy. The exothermal -peak has two characteristic points:

The compositions so determined agreed with those othe first is the onset temperature of crystallizatidg)
the starting materials. The thermal behavior wasand the second is the temperature corresponding to the
investigated using calibrate@himadzu 50 differential ~ maximum crystallization ratgT,). As shown in this
scanning calorimeter. About 16y of each sample in figure the characteristic temperatures are found to affect
powdered form was sealed in standard aluminum pan an#ély the addition of Indium contenkig. 3 represents the
scanned over a temperature range from room temperaturgensityps, and the molar volumé/, as a function of In
to about 77& at different uniform heating ratesr(= 2.5,  content. It's well known that the density and molar
5, 10, 15, 20 and 38/min.). volume changes are related to the change in the atomic

Density measurements of the considered samplesveight and the atomic volume of the elements
were made by applying Archimedes method using theconstituting the system. The atomic weights of theSe
hydrostatic weighting in toluene. A single crystal of andTeare 114.82, 78.7 and 127.6 respectivelg]|[
germanium was used as a reference material for This behavior was expected because the density of In
determining the toluene densityptol. The samples is the highest one (s€Eable 1). Fig. 4 shows the glass
density(ps) was determined from the relation; transition temperaturdg, and the molar volumg,, as a

function of In content, from this figure we can notice that,
o Wy the glass transition temperature increases while\fhe
~ Wair — Wl decreases with increasing the In content. This behavior
i i can be ascribed to where the molar volume decrease leads
where W is the weight of the sample. For each (g the decrease in bond lengths consequentially the glass
composition, the experiment was repeated five times {qigidity increase and therefore tH increases. In other
get the average density of the sam{gte) with a precision  \yords the glass transition temperature is known to depend
of .3%. Knowing the density helps us to determine the o several independent parameters such as the average

Ps Prol (12)

molar volumeVm, through the following equation: coordination number29,30]. The average coordination
number (Nr) for the Iny(SessTezs)100-x glasses can be
Vi = Z ne.M; /s (13)  written as B1]:
where n; and M; are the molar fraction and molar N = 3X(n -+ 2Xen L 2X 15
weight of a componerit respectively. The compactness ' it &Rset £7re (15)
was calculated by the formul23,?,25| where X is the mole fraction, by using the values of

Nr for In, Se, andTe as 3, 2 and 2 respectivelg?,33],
5 SiGi.A/pi—3iG.A/p the yalues ofN; for the Iny(SezsTess)100-x glasses are
SiG.A/p obtained. Values o, for the Iny(SersTezs)100-x glasses
_ are listed inTable 2. It can be seen th&{: increases with
wherec;, Aj andp' are the atomic fraction, the atomic increasing In content. The increase in the glass transition
weight and the atomic density of thth element of the temperature which is accompanied by an increase in the
glass and is the measured density of the glass. Thissa  coordination number can be ascribed to the increase of
measure of the normalized change of the mean atomithe rigidity (strength) of the system with increasing the In
volume due to chemical interactions of the elementscontent.
forming the network of a given solid 2B 27].
Consequently, it is more sensitive to changes in the The above results can also be discussed on the basis
structure of the glass network as compared to the meaof a parameter called fragilityF ), which characterizes
atomic volume. and quantifies the anomalous non-Arrhenius transport

(14)
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Table 1: The characteristics temperatureg(Tc, and Tp), the activation energy of crystallization {-the frequency factor (§ and
theAT, Hg, S criteria forlny(SezsTess)100-x (0 < x < 10at.%) glasses.

Composition a Ty Tp Ec Ko AT Hg S

(K/min) | (K) (K) | Kcal/mol (s (K) (K)

25 304.70 | 365.58 54.24| 0.178 | 1.182

5 308.49 | 374.31 58.41| 0.189 | 1.403

(Sey.75Tep 25)100 10 312.35| 384.38| 20.10 | 3.051x16° | 65.25| 0.209 | 1.416
20 317.12 | 394.05 69.91| 0.221 | 1.548

40 321.98 | 402.60 73.59 | 0.229 | 1.607

25 311.06 | 371.84 51.79 | 0.167 | 1.497

5 314.51 | 380.54 55.71| 0.177 | 1.828

Ino(S&).75T€n.25)98 10 318.50 | 388.86| 23.52 | 2.156x 13! | 60.72| 0.191 | 1.838
2.5 322.28 | 397.63 66.36 | 0.206 | 1.851

5 326.02 | 404.06 69.78 | 0.214 | 1.884

25 315.05 | 375.38 49.38| 0.157 | 1.716

5 318.65 | 382.55 53.02 | 0.166 | 1.810

IN4(S&).75T€0.25)96 10 322.13| 390.31| 25.12 | 1.498x142 | 57.71| 0.179 | 1.878
2.5 325.44 | 398.88 63.22 | 0.194 | 1.985

5 329.06 | 406.68 67.42 | 0.205 | 2.090

25 321.91| 378.90 46.68 | 0.145 | 1.495

5 325.04 | 385.48 50.64 | 0.156 | 1.527

Ing(S&)75Te.25)94 10 327.80| 393.08| 26.93 | 1.192x163 | 54.91| 0.168 | 1.737
20 331.19 | 400.91 59.22 | 0.179 | 1.878

40 335.09 | 408.64 62.96 | 0.188 | 1.990

25 324.61| 381.05 4506 | 0.139 | 1.580

5 327.73 | 388.42 48.67 | 0.149 | 1.785

Ing(S&).75T€n.25)92 10 330.98 | 395.29| 27.85 | 3.518x 133 | 53.08 | 0.160 | 1.801
20 334.00 | 402.63 57.47| 0.172 | 1.920

40 337.09 | 410.61 61.65| 0.183 | 2.171

25 326.53 | 384.15 44581 0.137 | 1.780

5 329.39 | 390.43 47.90| 0.145| 1.911

In10(S& 75T€n.25)90 10 332.91| 397.85| 29.07 | 1.371x16* | 51.81| 0.156 | 2.043
20 336.77 | 404.71 55.29 | 0.164 | 2.077

40 341.14 | 412.64 59.00 | 0.173| 2.162

Table 2: The compactnes®), the fragility (F), average coordination numbgX; ), The number of expectese-Te, Se-Se andIn-Se
bonds and the calculated cohesive energy S 75Tep 25)100-x (0 < x < 10 at. %) glasses according to the chemical bond approach

Composition ) Eg (kj mol~1) F Nr | SeTe | In-Se | SeSe | CE(kcal. Mol 1)
(Se75Te0 250100 | -0.134 128.17 22986 2 | 50 0 50 4412
Ina(Sey75Tenas)os | -0.096 152.61 26.841| 2.02| 49 6 46 45.17
Ina(Sey75Tenss)os |  -0.066 169.18 20.417| 204 | 48 | 12 | 42 46.23
In(Sey75Tenas)os | -0.037 188.19 32.158| 2.06 | 47 | 18 | 38 47.29
Ing(Sey75Tenas)o2 | -0.016 199.45 33.755| 2.08| 460 | 24 | 34 48.34
In10(Se75Ten25)90 | 0.004754 210.12 35.355| 2.1 | 45 | 30 | 30 49.4

behavior of glassy materials near the erogidicity breaking  where all the symbols have their usual meani2§.[
glass transition region3H,35,36). Fragile glasses are The value of(F) is found to increase witl; as stated in
substances with non-directional Table 2. This behavior indicates that the glasses become
interatomic/intermolecular bonds. Strong glasses are more fragile and their tendency to structural
those which show resistance to structural degradation ancearrangement increases with increasing non-directional
usually associated with a smal,. Fragility (F) is interatomic bonds. The bond energi€A — B) for
calculated by using the following relatioB7): heteronuclear bonds have been calculated by using the
empirical relation:

Eo

F =
Tg.RIN(1.009)

(16)  D(A-B)=[D(A—A).D(B—B)]"2+30(xa—xe)? (17)
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Figure 1: X-ray diffraction patterns
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unsatisfied as which must be satisfied $¢Se defect
Figure 2: (a)The DSC thermograms for the amorphous the homopolar bonds that decreases with the increase of In
Iny(SezsTens)100-x (0 < X < 10 at. %) glasses recorded at heating content. Based on the chemical bond approach, the bond
rate 10K/min. (b) The characteristic temperatures of {h&C energies are assumed to be additive. Thus, the cohesive
thermogram foSe;5 Teps glass recorded at heating rateKl@nin. energies were estimated by summing the bond energies
over all the bonds expected in the material. Calculated
values of the cohesive energies for all compositions are
presented inTable 2. These results indicate that, the
proposed by Pauling 3B, where [D(A-A) and cohesive energies of these glasses show an increase with
[D(B-B) are the energies of the homonuclear bondsincreasind n content. Therefore, it can be concluded that
(inunitskcal /mol.) [39], xa and xs are the the increase offy with increasing In content is most
electronegativity values for the involved atomgQ]  probably due to the replacement®d# Te andSe-Se bonds
Bonds are formed in the sequence of decreasing bondly the strongest In-Se bonds. It should be mentioned that
energy until the available valence of atoms isthe approach of the chemical bond neglects dangling
satisfied #1]. bond and other valence defects as a first approximation.

Also vander Walls interactions are neglected, which
can provide a means for further stabilization by the
formation of much weaker links than regular covalent
bonds. The linear relation of versus

In the present compositions, the-Se bonds with the
highest possible energip4.321kcalmol ~1) are expected
to occur first followed by th@e-Se (44.197kcalmol 1) to
saturate all available valence d&e. There are still
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1/Tplnk(SersTers)100-x glasses are plotted ifrig.4 to
obtain the activation energy of crystallizatigf:) and the

frequency factoKg. The obtained values of the activation

[7]1 S. R. OvshinskyPhysical Review Letters, 21, 1450-1453
(1968).
[8] N. F. Mott, Philosophical Magazine, 24,911-934 (1971).

energy of crystallization and the frequency factor are [9]D. E. Carlson and C. R. Wronskhpplied Physics Letters,

listed in Table 2. It is found thatE; increases with

28, 671-673 (1976).

increasing In content, this increase is a result of thel10]J. Fusong and M. Okudalapanese Journal of Applied

increase ofTp with increasing In content. The thermal
stability for the Iny(SessTexs)100-x glasses can be
estimated by using the characteristic temperaturgsTi
andTp).

The stability criterion parametersAT, Hg and S

based on the characteristic temperatures are calculated fo

the Iny(SersTexs)100-x glasses and listed imable 1. The

stability criterion parameters allow the prediction of the

Physics, 30,97-101 (1991).

[11] Y. Sugiyama, R. Chiba, S. Fugimori and N. Funakoski,
Journal of Non-Crystalline Solids, 122, 83-89 (1990).

[12] S. Fujimori, S. Sagi, H. Yamazaki and N. Funakoski,
Journal of Applied Physics, 64, 1000-1004 (1988).

[13] Y. Maeda, H. Andoh, I. Ikuta, M. Magai, Y. Katoh, H.

Minemura, N. Tsuboi and Y. SatoApplied Physics Letters,

54, 893-895 (1989).

[14] A. Dietzel, Glass Science and Technology (Glastechnische
Berichte), 22, 41-45 (1968).

glass forming ability of a material. The larger their values [15] A. Hruby, Czechoslovak Journal of Physics B., 22, 1187-

the greater the glass thermal stability should Table 1

1193 (1972).

show that AT, Hg andS) decrease with the increase of In [16] A. Marotta, A. Buri and F. BrandaJournal of Non-

content, so we can say that tBe;sTexs glass is the most
stable one.

5 Conclusions

The addition ofln at the expense ofe or Se atoms in

Iny(SersTess)100-x glasses results in an apparent increase

in the characteristic temperaturegy( T and Tp), the

Crystalline Solids, 96,95, 593-596 (1987).

[17] X. Zhao and S. Sakkalournal of Non-Crystalline Solids,
96,95, 487-494 (1987).

[18] z. U. Borisova, Glassy Semiconductors, Plenum, New
York,1981.

[19] M. Saad, M. PoulainMaterials Science Forum, 11, 19-20
(1987).

[20] W. A. Johnson and R. F. MeM\merican Institute of Mining

and Metallurgical Engineers, 135, 416-458(1939).

[21] S. Mahadevan, A. Giridhar and A. K. Singlournal of Non-

activation energy for glass transition and the activation  Crystalline Solids, 8, 11-34 (1986).

energy for crystallization. The thermal stability for the [22] M. Abramowitz, I. E. StegunHandbook of Mathematical
Iny(SersTens)100-x glasses has been evaluated by using  Functions, Dover, New York, 1972.

various criteria. The obtained results of th&, HgandS  [23] M. Vicek, M. Frumar, M. Kubovy, and V. Nevsimalova,
criteria indicates that, the thermal stability of Journal of Non-Crystalline Solids, 1035, 137-138 (1991).
Ink(SezsTers)100-x glasses decreases with the increase ofl24] E. Savova, E. Skordeva and E. Vatevayrnal of Physics
In content. The obtained results were discussed in terms__and Chemistry of Solids, 55, 575-578 (1994). .

of the glass density, molar volume, compactness, fragilityl25] E- Skordeva, D. Arsovalournal of Non-Crystalline Solids,

and the chemical bond approach.
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