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The present paper reports the effect of replacement of Te by In on the crystallization kinetics and the
thermal stability for Ge1sAs;oTegs_xIny (x=0, 3, and 6 at.%) glasses. Differential scanning calorimetry (DSC)
results under non-isothermal conditions for Gej5As;oTegs_xIny glasses were reported and discussed. The
thermal stability of the studied glasses has been evaluated using various thermal stability criteria (AT,
H;, Hg and S), based on the characteristic temperatures such as the glass transition temperature (Tg),
the temperature at which crystallization begins (T¢), the temperature corresponding to the maximum
crystallization rate (T, ), or the melting temperature (Ty, ). Moreover, in the present work, the K;(T) criterion
has been considered for the evaluation of glass stability from DSC data. A comparison of various simple
quantitative methods to assess the level of stability for GesAsyoTess_xIny (x=0, 3, and 6 at.%) glasses is

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Chalcogenide glasses exhibit many useful properties includ-
ing threshold and memory switching [1-3]. These properties are
influenced by the structural changes and could be related to ther-
mally induced transitions [4,5]. Memory switches come from the
boundaries of the glass-forming regions, where glasses have a ten-
dency to crystallize when heated or cooled slowly [6-8]. Glasses
of chalcogen elements were the initial object of study because of
their interesting semi-conducting properties [9,10] and more recent
importance in optical recording [11]. Recording materials must be
stable in the amorphous state at low temperature and have a short
crystallization time. Promising materials with these characteristics
have been recently studied [12,13]. Therefore, it is very important
to know the glass stability of these types of materials. No sim-
ple way presently exists to formulate the correlation between the
ideal composition and the stability of the glasses. Different sim-
ple quantitative methods have been suggested in order to evaluate
the level of stability of the glassy alloys. Most of them as Dietzel
[14] and Hruby [15] are based on the characteristic temperatures
such as the glass transition temperature (Tg), the temperature at
which crystallization begins (T¢), the temperature corresponding
to the maximum crystallization rate (Tp), or the melting tempera-
ture (T ). Some of the suggested methods [16-17] are based on the
crystallization activation energy. The characteristic temperatures
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(Tg, Tc, Ty and Ty,) are easily and accurately obtained by the differ-
ential scanning calorimetry [ 18] during the heating processes of the
glass sample. Dietzel introduced the first glass criterion, AT=T. — Ty
(T. is the temperature at which crystallization begins), which is
often an important parameter to evaluate the glass-forming abil-
ity of the glasses. By the use of the characteristic temperatures,
Hruby developed the H; criterion, Hy = AT/Tm — Tp and the com-
positional dependence of the Hruby coefficient were surveyed by
Sestak [19]. On the basis of the H; criterion, Saad and Poulain [20]
obtained two other criteria, weighted thermal stability Hg = AT/Tg
and S=(Tp — To)AT|Tg criterion where Ty is the initial temperature.

In the present work, the above-mentioned criteria have been
applied to the Gey5AsygTegs_xIny (x=0, 3 and 6 at.%) glasses. It is
found that the parameters AT, Hy, Hg and S decrease with increasing
In content. Bearing in mind that, the values of these parameters
increase with increasing stability, it is possible to suggest that, the
free In content glass, the greater is its glass thermal stability. In
addition, a kinetic parameter, K;(T), with an Arrhenian temperature
dependence, is introduced to the stability criteria. K:(T) increases
with increasing In content which confirms that, the free In content
glass is the most stable.

2. Experimental details

Different compositions of bulk GejsAsyoTess_xIny (x=0, 3, and 6 at.%) chalco-
genide glasses were prepared starting by Ge, As, Te and In elements with high purity
(99.999) by the usual melt quench technique. The elements were heated together in
an evacuated (103 Pa) silica ampoule up to 1250K, then the ampoule temperature
kept constant for about 24 h. During the heating process the ampoules were shaken
several times to maintain their homogeneity, then the ampoule was quenched in
ice-cooled water to avoid the crystallization process. The amorphous state of the
materials was checked using X-ray (Philips type 1710 with Cu as a target and Ni as
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a filter, A =1.5418 A) diffractometer. The absence of the crystalline peaks confirms
the amorphous state of the prepared samples. The elemental compositions of the
investigated specimens were checked using the energy dispersive X-ray (Link Ana-
lytical Edx) spectroscopy. The compositions so determined agreed with those of the
starting materials.

The thermal behavior was investigated using calibrated Shimadzu 50 differen-
tial scanning calorimeter. About 15 mg of each sample in powdered form was sealed
in standard aluminum pan and scanned over a temperature range from room tem-
perature to about 770K at different uniform heating rates (o« =2.5, 5, 10, 15, 20 and
30K/min).

3. Theoretical background

The theoretical basis for interpreting kinetic data is provided by
the formal theory of transformation kinetics. This theory describes
the evolution with time (t) of the volume fraction crystallized ()
by Johnson, Mehl and Avrami equation [21]:

x=1—exp(—(Kt)") (1)

where n is an integer or half integer depends on the mechanism
of growth and the dimensionality of the crystal, K is the effective
(overall) reaction rate constant, which obeys an Arrhenius expres-
sion for the absolute temperature:

K(T) = Ko exp G%) (2)

where K is the frequency factor, T is the absolute temperature and
E is the effective activation energy describing the overall crystal-
lization process that can be expressed as

_ En + Eg
T n

E (3)
where Ey and Eg are the effective activation energies for nucleation
and growth, respectively. Ey can be neglected over the temperature
range of concern in the thermo-analytical study [21] then:

E~ (%) Ec (4)

where n=m for the nucleation frequency I, =0 and n=m+1 for
I, # 0 [22]. The rate constant K in a non-isothermal DSC experi-
ment was found to changes continually with time due to the change
in the temperature, therefore Eq. (1) can be generalized to

t n
x(t)=1—exp l— (/ K[T(t/)]dt/> ‘| =1—exp(-I") (5)
0

where K[T(t')] is still given by Eq. (2), and T(t') is the temperature
at time t’ [22]. The crystallized volume fraction depends on time (t)
through the temperature T(t) and the same is true for the integral I.
The time integral in Eq. (5) is transformed to temperature integral,
yielding:

T
I(T) = %)/ exp (I;TI"S’) dr’ (6)
To

which is represented by several approximate analytical expressions
[23]. By using the substitution y = E/RT, the above integral has been
represented by the sum of the alternating series:

_y k=oo k

eV (-1)"(K+1)!
DY) A e ™)
y k=0 y

SO =-

Considering that, in this type of series the error 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 two first terms of this series and the error introduced is
not greater than 1%. By assuming that, T>(1 — 2RT/E) exp(—E/RT) >

Tg(l — 2RTy/E) exp(—E/RTy), where Ty is initial temperature, then
Eq. (6) can be rewritten in the form of

I=KoE(eR) TeVy=2(1 —2y~1) (8)

The maximum crystallization rate in a non-isothermal process
which occurs at the peak of the exotherm at time tp and temper-
ature T, [21] is found by putting d?x/dt? =0, thus obtaining the
relationship:

aE(I
d®x/de? = nKp(I"), — (n — 1)Kp — R(TZ)P =0
p 9)
oEl
nko(I"), = (n — DKp + —2
pI™M)p = )Kp RT2

Substituting for (y=E/RT) and (K=Kj exp(—E/RT)) into Eq. (8), one
obtains:

I = RT2K(«E)~! (1 - 2RT>

- (10)

Substituting the last expression for I into Eq. (9), one obtains the
relationship:

1—2RT,\ /"
Iy = (7,15 ) (11)
When this relationship is equated to Eq. (10) this gives:

—E 1—2RTy\ /" /1 - 2RT,\ !
2 -1 p P
RT;(aE)™ Ko exp (RTP> = ( E ) ( E )

or in a logarithmic form:

T3 KoR E _ (2RTy\ (1-1
In () o (M99) - o () (1) (12)
where the function In(1 — z) with z=2RT, /nE or 2RTp/E is expanded
as a series and only the first term has been taken.

Note that Eq.(12) reduces to the Kissinger expression for then=1
case as one might have anticipated since this corresponds to the
homogeneous reaction case. Thus, it can be seen that, the Kissinger
method is appropriate for the analysis not only of homogeneous
reactions, but also for the analysis of heterogeneous reactions
which are described by the JMA equation in isothermal experiments
[21]. The right-hand side (RHS) of Eq. (12) is generally negligible
in comparison to the individual terms on the left hand side for
o« <100Kmin~!. This approximation in Eq. (12) (RHS) implies:

T2 E KoR

R R 2o
ln(a)_RTp ln<E> (13)
where E. =E (the activation energy for crystallization) and the
quoted approximation might introduce a 3% error in the value of
E/R in the worst cases. For crystallization processes with spherical

nuclei, it has been suggested [21,22] that the dependence of the
glass transition temperature on @ may be written as

T2 E
g)_ "=
In ((x ) —RTg + const. (14)

a straight line between ln(TgZ/ot) and 1/Tg, whose slope yields the
value of Eg/R where Eg is the activation energy for glass transition
and R is the gas constant.

In order to evaluate the thermal stability of glassy materi-
als, Surinach et al. [24] and Hu and Jiang [25] introduced two
criterion K(Tg) =Ko exp(—E/RTg) and K(Tp ) = Ko exp(—E/RT ), respec-
tively. Thus, the values of these two parameters indicate the
tendency of glass to devitrify on heating. The larger their values,
the greater are the tendency to devitrify. The formation of glass is
a kinetic process. It is reasonable to assess the glass stability by a
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Fig. 1. X-ray diffraction patterns of the amorphous Ge;5AsyoTegs_xIny (x=0, 3 and
6at.%) glasses.

kinetic parameter, K(T). Also, the H; parameter itselfis a stability fac-
tor based on characteristic temperatures. Here a stability criterion
is defined as

Ki(T) = Ko exp (_I?TTE) (15)

where Tis any temperature between Tg and Tp. The theoretical back-
ground for the definition of the parameter K;(T) would be based on
the analysis of the relation between the parameters K(T) and K;(T).
Differentiating Eqs. (2) and (15) with respect to temperature and
rewrite each parameter per Kelvin we get:

AK:  HE AK  E
K:AT ~ RT? KAT ~ RT?

The above-mentioned variation of the parameter K(T) is H; times
the variation in parameter K(T), which could justify the accuracy of
the parameter K;(T). Just like the K(T) criteria, the smaller the values
of K;(T), the greater is thermal stability of the glass. The obvious
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Fig. 2. DSC thermogram of GeysAsyoTegs glass recorded at heating rate 10 K/min.
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Fig. 3. The plots of Ty vs. In(«) for GejsAsyoTess—_xIny (x=0, 3 and 6 at.%) glasses.

advantage of this method is that it can evaluate the glass stability
over a broad temperature range other than at only one temperature
such as Tg or Tp.

4. Results and discussion

Fig. 1 shows the X-ray diffraction patterns for the
Geq5AsyoTegs_xInk (x=0, 3, and 6at.%) glasses. The absence of
the diffraction lines in the X-ray patterns indicates that the glasses
have amorphous structures.

Fig. 2 shows the DSC thermogram for the amorphous
Geq5AsygTegs glass recorded at heating rate 10 K/min. As shown in
this figure, there is a very small single endothermic peak. This peak
is attributed to the glass transition temperature range which repre-
sents the strength or rigidity of the glass structure. Also there is an
exothermic peak originating from the amorphous-crystalline trans-
formation. The exo-peak has two characteristic points: the first is
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Fig. 4. The plots of ln(ng/a) vs. (1/Tg) for GeisAsyoTegs_xIny (x=0, 3 and 6at.%)
glasses.
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Table 1
The characteristics temperatures (Tg, Tc, T, and Try) and the AT, H;, Hg, S criteria for GejsAsyoTess_xIny (x=0, 3 and 6 at.%) glasses
Composition o (K/min) Ty (K) Tc (K) Ty (K) Tm (K) AT (K) H; Hy S
GeisAsyoTess 2.5 387 453 466 580 66 0.579 0.171 2217
5.0 393 461 474 590 68 0.586 0.173 2.249
10 399 469 482 600 70 0.593 0.175 2.281
15 405 476 490 609 71 0.598 0.176 2.462
20 409 481 495 615 72 0.600 0.176 2.465
30 413 486 501 622 73 0.603 0.177 2.651
GeisAsyTesIns 2.5 409 462 475 574 52 0.530 0.128 1.731
5.0 415 469 482 583 54 0.537 0.130 1.757
10 420 476 490 592 55 0.544 0.132 1.848
15 425 482 496 599 56 0.549 0.133 1.929
20 429 486 501 605 57 0.551 0.134 1.943
30 432 491 506 611 58 0.555 0.135 2.029
GeisAsyoTesglng 2.5 430 473 484 566 43 0.524 0.100 1.100
5.0 435 479 490 573 44 0.530 0.101 1.113
10 440 485 497 581 45 0.536 0.102 1.123
15 444 490 502 587 46 0.539 0.104 1.243
20 447 494 506 593 47 0.543 0.105 1.262
30 450 498 510 598 48 0.545 0.107 1.280
Table 2
The coordination number (N;), the activation energy for glass transition (Eg) and In at. %
the activation energy for crystallization (E;) and the frequency factor (K,) for Lk
GeysAsyoTess_xIn (x=0, 3 and 6 at.%) glasses 10 =
6 3
Composition N; Eg (kJ/mol) E. (kJ/mol) Ko (s71) A - 0
L d * [
GeisAsyoTess 2.50 117.17 125.57 5.53 x 1011 B ,
GeisAsyTesIns 2.53 148.72 151.57 1.59 x 10 : ] ’
GeisAsyoTesgIng 2.56 190.32 183.63 2.69 x 1077 15 |- . e )
- A x g
S 3 ; ;
o . o L i ‘
the onset temperature of crystallization (T¢) and the second is the = - y .
temperature corresponding to the maximum crystallization rate = A * u
(Tp). The characteristic temperatures (Tg, Tc, Tp and Tr) given by 14 - A
the DSC scans are listed in Table 1. A * u
It is found that the variation of the glass transition temperature i A & "
as a function of the heating rates follows the empirical relation: g e g
Ax w
Ty =A+Blna (16) sy ,.'
where A and B are constants for any given glass composition [26].
Plots of Tg versus In(a) for Gejs5AszoTegs_xIny glasses as shown in ! ; '95 L 2{30 L 2105 ' 2110 : 2|15
Fig. 3 indicates the validity of Eq. (16) for the studied glasses. : : e : :
From this figure we can notice that the glass transition temper- 1000 /7, (K)

ature increases with increasing the In content. The glass transition
temperature is known to depend on several independent parame-
ters such as the average coordination number [27,28]. The average

Fig. 5. The plots of ln(Tg/ot) vs. (1/Tg), for GejsAsyoTess—xIny (x=0, 3 and 6at.%)
glasses.

Table 3
K(Tg), K(Tp), Ki(Tg), Ki(Tp) criteria for GesAszoTegs_xInk (x=0, 3 and 6 at.%) glasses
Composition o (K/min) K(Tg) K(Ty) K(Tg) Ki(Tp)
Geis5AsyoTess 2.5 3.96 x 106 3.191x 103 65.54 3.16 x 10°
5.0 7.23x10°¢ 5.550 x 103 70.06 3.44 x 10°
10 1.30x 10~ 9.476 x 103 75.45 3.77 x 103
15 2.25x 10 0.016 86.19 437 x 10°
20 3.31x 107 0.022 102.07 5.01 x 10°
30 4.75x 107> 0.032 112.22 5.66 x 10°
Geis5AsyoTeszIns 2.5 7.54 x 10-© 3.626 x 103 8.98 x 10° 2.37 x 10°
5.0 1.36 x 10— 6.321 x 103 9.02 x 10° 2.45 % 10°
10 2.42 x 107> 0.011 9.15 x 10° 2.59 x 10°
15 3.98 x 10~ 0.018 9.86 x 10° 2.85 x 10°
20 5.70 x 10— 0.025 1.08 x 10* 3.11 x 10°
30 8.03x 107 0.037 1.14 x 104 3.38 x 10°
GeisAsyoTesglng 2.5 137 x 102 4.195 x 103 5.48 x 10° 1.11 x 107
5.0 2.44 x 102 7.332x 103 5.58 x 10° 1.14 x 107
10 439 %10 0.014 5.73 x 10° 1.25 x 107
15 6.89 x 10> 0.022 6.11 x 10° 1.35 x 107
20 9.62 x 10> 0.030 6.17 x 10° 1.40 x 107
30 1.34x 104 0.043 6.45 x 10° 1.50 x 107
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Fig. 6. K:(T) as a function of temperature T at heating rate o=10K/min for
GeisAsyoTess_xIny (x=0, 3 and 6 at.%) glasses.

coordination number (N;) for the Ge15As,¢Tegs_xInx glasses can be
written as [29]:

Nr = 4Xge + 3Xas + 2X1e + 3Xin (17)

where X is the mole fraction, by using the values of N; for Ge,
As, Te and In as 4, 3, 2, and 3, respectively [30,31], the values of N;
for the Gei5As,oTegs_xIny glasses are obtained. Values of N; for the
Gei5AsygTegs_yxIny glasses are listed in Table 2. It can be seen that
N; increases with increasing In content. The increase in the glass
transition temperature which is accompanied by an increase in the
coordination number can be ascribed to the increase of the rigidity
(strength) of the system with increasing the In content.

The thermal stability for the GejsAsygTegs_xIny glasses can
be estimated by using the characteristic temperatures (Tg, Tc, Tp
and Tn). The stability criterion parameters (AT, Hy, Hg and S)
based on the characteristic temperatures are calculated for the
Ge1sAsygTegs_xIny (x=0, 3, and 6 at.%) glasses and listed in Table 1.

The stability criterion parameters allow the prediction of the
glass forming ability of a material. The larger their values, the
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Fig. 7. K:(T) as a function of temperature T at heating rate o=20K/min for
GeqsAsyoTess xIny (x=0, 3 and 6 at.%) glasses.

greater the glass thermal stability should be. Table 1 show that AT,
H;, Hg and S decrease with the increase of In content, so we can say
that the Ge5As;gTegs glass is the most stable one.

Fig. 4 shows the plots of ln(TgZ/a) versus 1/Tg according to Eq.
(14) for the Gejs5AsygTegs_xIny (x=0, 3, and 6at.%) glasses. From
this figure we can obtain the values of the activation energy for
glass transition (Eg) of GejsAsyoTegs_xIn, glasses. Values of Eg
for GeysAsyoTegs_xIny (x=0, 3, and 6at.%) glasses were listed in
Table 2. Values of Eg for the Geq5AsyoTegs_xIny glasses lie within the
observed values for chalcogenide glasses [32-34]. As shown in this
table Eg increases with the increase of In content. The increase in Eg
is due to the increase in Tg (increasing the rigidity) with increasing
In content. This result is in good agreement with Cofmenero and
Barandiaran [35].

The linear relation ofln(Tg/oz) versus 1/T, for Ge5AsygTegs_xIny
(x=0, 3, and 6 at.%) glasses are plotted in Fig. 5 to obtain the activa-
tion energy of crystallization (E¢) and the frequency factor K. The
obtained values of the activation energy of crystallization and the
frequency factor are listed in Table 2. It is found that E. increases
with increasing In content, this increase is a result of the increase
of T, with increasing In content.

After known the values of E and Kj, the kinetic parameters K(T)
and K(T) for the studied glasses were calculated by using Egs. (2)
and (15). These calculations were carried out to compare the sta-
bility sequence of the studied materials. Values of K(T) and K(T)
for the temperatures Ty and T, are listed in Table 3. The smaller
the values of the two criteria K(T) and K(T), is the better the
thermal stability of glass should be. The obtained data of these
criteria (Table 3) indicates that the Ge5AsygTegs glass is the most
stable one, and the stability orders at different heating rates are
Ge15Asy0Tegs > GeqsAsygTegaIng > GeqsAsygTesglng.

Figs. 6 and 7 represent the plots of Ky (T) versus T for
Geis5AsyoTegs_xIny (x=0, 3, and 6 at.%) glasses at heating rates 10
and 20 K/min, respectively. From these figures, one can notice that,
K:(T) for the first composition, Ge5As;gTegs, varies slowly with
increasing the temperature indicating a relatively high stability,
while it varies more rapidly with increasing T for the other two
compositions, which signifies a less stability.

5. Conclusions

The addition of In at the expense of Te in Gejs5AsygTegs_xIng
glasses results in an apparent increase in the characteristic tem-
peratures (Tg, Tc and Tp), the activation energy for glass transition
and the activation energy for crystallization. The thermal stability
for the Ge5As;oTegs_xIny glasses has been evaluated by using var-
ious criteria. The K(T) criterion has been considered in the present
work for the evaluation of glass stability by using DSC data. The
obtained results of the K(T) and K(T) agree satisfactorily with the
AT, H;, Hg and S criteria for the studied glasses. The obtained data of
the thermal stability criteria indicates that, the Ge;5AsygTegs glass
is the most stable, and the stability orders at different heating rates
are GE15A520T665 > G815A520T86211‘13 > Geq5AsypTesglng.
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