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Glass transition behavior and crystallization kinetics
of Cu0.3(SSe20)0.7 chalcogenide glass
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Abstract

The glass transition behavior and crystallization kinetics of Cu0.3(SSe20)0.7 chalcogenide glass were investigated using differential scanning
calorimetry (DSC), X-ray diffraction (XRD). Two crystalline phases (SSe20 and Cu2Se) were identified after annealing the glass at 773 K
for 24 h. The activation energy of the glass transition (Eg), the activation energy of crystallization (Ec), the Avrami exponent (n) and the
dimensionality of growth (m) were determined. Results indicate that this glass crystallizes by a two-stage bulk crystallization process upon
heating. The first transformation, in which SSe20 precipitates from the amorphous matrix with a three-dimensional crystal growth. The second
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ransformation, in which the residual amorphous phase transforms into Cu2Se compound with a two-dimensional crystal growth.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The chalcogenide vitreous semiconductors (ChVS) have
ttracted much attention in the field of photo-induced effects
ince they exhibit photo-stimulated diffusion of metals
mainly Ag or Cu) into ChVS, which are applicable in a vari-
ty of microelectronics, optical memory, holography, diffrac-

ive optics and photoresistors[1]. These materials must be
table in the amorphous state at low temperature and have a
hort crystallization time[2]. Therefore, it is very important
o know the glass forming ability and chemical durability of
his type of materials.

Recently, I have paid much attention to evaluate the level
f glass thermal stability for the investigated chalcogenide
lass[1] and the determination of the critical radius of crystal
uclei for the two formed SSe20 and Cu2Se phases and their
ependence on different heating rates[3].

In the present work, the DSC traces at different heating
ates ranging from 2 to 30 K/min are used for calculating the

∗ Tel.: +202 4090262; fax: +202 6842123.

apparent activation energies of glass transition and cry
lization.

2. Experimental

The Cu0.3(SSe20)0.7 chalcogenide glass was prepared
the quenching technique. Materials (99.999% pure) f
Aldrich Chemicals Ltd. were weighted according to th
atomic percentage and were sealed in a silica ampoule (l
15 cm, internal diameter 8 mm) with a vacuum∼10−3 Pa.
The ampoule was kept in a furnace and heated up to 12
at a rate of 4–5 K/min. After that ampoule was rocked
quently for 4 h at the maximum temperature to make the
homogeneous. Quenching was done in ice-water. The a
phous nature and purity of prepared material was check
X-ray diffraction (XRD) using X-ray diffractometer (Philip
X’pert) in the range 19–90 in 0.03◦ 2θ steps with a coun
ing time of 15 per step with Cu K�radiation with graphit
monochromator in the diffracted beam. Differential sc
ning calorimetry (DSC) experiments presented in this p
E-mail address: alaasoliman2000@hotmail.com. were performed using a Shimadzu DSC-50 instrument on
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samples of≈15 mg (particle size around 40�m) encapsu-
lated in conventional platinum sample pans in an atmosphere
of dry nitrogen at a flow of 30 ml/min. The instrument was
calibrated with In, Pb, and Zn standards. The calorimetric
sensitivity was 10�W cm−1 and the temperature precision
was±0.1 K. Non-isothermal DSC curves were obtained with
selected heating rates 2–30 K/min in the range 300–873 K.
The values of the glass transition temperature (Tg), the onset
temperature of crystallization (Tci), the peak temperature of
crystallization (Tpi) and the melting temperature (Tm) were
determined by using the microprocessor of the apparatus.

3. Results and discussion

Fig. 1 gives typical continuous DSC traces obtained for
Cu0.3(SSe20)0.7 chalcogenide glass at various heating rates
of 2, 5, 10, 15, 20, 25 and 30 K/min. All the DSC traces
exhibit the endothermic characteristic of a glass transition fol-
lowed by two exothermic crystallization peaks at higher tem-
peratures, indicating that the Cu0.3(SSe20)0.7 chalcogenide
glass has a wide supercooled liquid region�Ti = Tci − Tg
and undergoes a two-stage crystallization process upon heat-
ing. The glass transition temperature (Tg) and the onset
temperatures of crystallization (Tci) have been defined as
t inear
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Table 1
Transition temperatures of the Cu0.3(SSe20)0.7 chalcogenide glass

Temperature
(K)

Heating rateα (K/min)

2 5 10 15 20 25 30

Tg 309.4 313.4 316.5 318.6 319.7 320.8 321.6
Tc1 342.0 348.1 352.9 356.6 359.1 360.3 361.9
Tc2 375.3 380.5 385.6 388.8 390.9 392.3 393.8
Tp1 349.8 356.7 362.5 357.7 370.9 371.7 374.3
Tp2 381.9 386.8 391.9 395.4 397.2 398.6 399.7
�T1 32.6 34.7 36.4 38.0 39.4 39.5 40.3
�T2 65.9 67.1 69.1 70.2 71.2 71.5 72.2

liquid region increases with increasing heating rate, and the
glass transition process is delayed to higher temperatures
[4,5]. This phenomenon indicates that the glass transition
as well as the crystallization behaves quite frequently in the
literature[6–11].

Three approaches are used for analyzing the dependence
of Tg on the heating rateα. The first empirical relation has
the following form[12]:

Tg = A + B ln α (1)

whereA and B are constants for a given composition and
some particular temperatureT. The constantB indicates the
response of the configuration changes within the glass tran-
sition region to the heating rate. The plot ofTg versus lnα
for Cu0.3(SSe20)0.7 chalcogenide glass and fitting line with
Eq. (1) are shown inFig. 3(a). The good fitting result veri-
fies thatTg can be well described by Lasocka’s relationship.
The calculated values ofA andB are 306.2 and 4.5 K for the
Cu0.3(SSe20)0.7 chalcogenide glass, respectively.

The second approach for analyzingTg is based on the
Kissinger’s linear dependence[13] in the form:

ln

(
α

T 2
g

)
= − Eg

RT
+ constant (2)

where Eg is the activation energy of glass transition for
h d

F
d

emperatures corresponding to the intersection of two l
ortions adjoining the transition elbow of the DSC trace in
ndothermic and exothermic directions[1]. The peak tempe
ture of crystallization (Tpi) is the temperature at which t
rystallization attains its maximum value and considere
e the peak temperature of the exothermic peak in DSC c
he obtained parameters ofTg, Tci, Tpi and�Ti are listed in
able 1. The Table reveals that these values are shift
igher temperatures with increasing heating rate. Ano

nteresting feature is that the intensity (i.e. peak height)
he area under the DSC traces increase with increasing
ng rate (seeFig. 1).Fig. 2exhibits that the endothermic bro
eak of the Cu0.3(SSe20)0.7 chalcogenide glass shifts gra
ally to higher temperatures, the width of the superco

ig. 1. DSC traces for the as-prepared Cu0.3(SSe20)0.7 chalcogenide glas
t different heating rates.
omogeneous crystallization with spherical nuclei anR

ig. 2. DSC traces for Cu0.3(SSe20)0.7 chalcogenide glass showing theTg

ependence of the heating rate.
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Fig. 3. (a) Plot ofTg vs. lnα for Cu0.3(SSe20)0.7 chalcogenide glass, (b) plot
of ln(α/T 2

g ) vs. 1000/Tg and (c) plot lnα vs. 1000/Tg for Cu0.3(SSe20)0.7

chalcogenide glass.

is the universal gas constant.Fig. 3(b) shows the plot of
ln(α/T 2

g ) versus 1000/Tg for the investigated glass. From
the slope of the straight line, the value ofEg is equal to
177.93± 2.45 kJ/mol. Since the change of ln(T2

g ) with α is
negligibly small compared with the change of lnα, then Eq.
(2) can be simplified to:

ln α = − Eg

RTg
+ constant (3)

The relation between lnα versus 1000/Tg is shown in
Fig. 3(c). The calculated value ofEg for the Cu0.3(SSe20)0.7
chalcogenide glass is 182.91± 1.43 kJ/mol. Therefore, the
average value of the activation energy of the glass transition
is about 180.42 kJ/mol.

The third approach for analyzingTg is based on the Moyni-
han et al. method[9–11]:

d ln |α|
d
(

1
Tg

) = −Eg

R
(4)

For heating, Eq.(4) is applicable subject to the constraint
that prior to heating the glassy material should be cooled
from above to well bellow the glass transition region at a rate
whose absolute value is equal to the rate of heating.Tg was
determined for three characteristic points on each curve as
shown inFig. 2. The extrapolated onset of the heat capacity
b -
i

Fig. 4. lnα vs. 1000/Tg plots for Cu0.3(SSe20)0.7 chalcogenide glass. The
calculatedEg from the slopes is 177.85 kJ/mol.

heat capacity maximum (designatedTg3). Fig. 4 shows the
plot of lnα versus 1000/Tg1, 1000/Tg2 and 1000/Tg3 for the
Cu0.3(SSe20)0.7 chalcogenide glass. The three plots are lin-
ear and parallel within the scatter of the data. The calculated
value ofEg is 177.85± 0.86 kJ/mol which agree very well
with the value obtained by Kissinger method. The obtained
value of the activation energyEg for structural relaxation in
the glass transition region determined via Eq.(4), along with
values ofTg measured during heating at a rate between 2 and
30 K/min without cooling at a comparable rate. Moynihan et
al. method showed that the glass activation energy,Eg does
not change throughout the whole range of the glass transition
region.

To determine the mechanism of crystallization from the
DSC data the following equation given by Matusita et al.
[14,15]has been used to obtain the Avrami exponent or order
parameter,n and the dimensionality of growth,m.

ln [− (1 − χ)] = −n ln α − 1.052mEc

RT
+ constant (5)

whereχ is the volume fraction of the crystal precipitated in
the glass and heated at uniform rate,α is the uniform heating
rate,Ec is the activation energy of the crystallization andR
is the universal gas constant. To obtainn, ln[−ln(1− χ)] is
plotted against lnα at a fixed temperature.Fig. 5shows such
a e
g and
3 s of
t value
o sec-
o
c rmed
p re,
i l-
c the
c s
o t one
i
s nd-
reak (designatedTg1), the inflection point in the rapidly ris
ng part of the heat capacity curve (designatedTg2), and the
plot for the two peaks of the Cu0.3(SSe20)0.7 chalcogenid
lass at three different temperatures namely, 300, 305
10 K. The value ofn has been evaluated from the slope

he straight lines fit of these relations, and an average
f n was calculated to be 4.69 and 3.28 for the first and
nd crystallization peaks, respectively. For Cu0.3(SSe20)0.7
halcogenide glass, no specific heat treatment was perfo
rior to the DSC scans to nucleate the sample. Therefon

s considered to be equal to (m+ 1) for the glass. The ca
ulated values ofn are not an integer, which means that
rystallization process of Cu0.3(SSe20)0.7 chalcogenide glas
ccurs with different mechanisms and the predominan

s the process in whichn = 4 for first peak andn = 3 for the
econd peak[16,17]. Therefore, the value of the correspo



132 A.A. Soliman / Thermochimica Acta 435 (2005) 129–134

Fig. 5. Plot of ln[−ln(1− χ)] vs. lnα at three different temperatures for (a)
first peak and (b) second peak for Cu0.3(SSe20)0.7 chalcogenide glass.

ing m is equal to 3 for first peak andm = 2 for the second
one. Therefore, it is somewhat reasonable to suggest that the
Cu0.3(SSe20)0.7 crystallization process can be carried out by
a bulk crystallization in three and two dimensions for the first
peak and second peak, respectively.

To determinemEc at different heating rates, using the
Matusita and Sakka equation(5), a graph of ln[−ln(1− χ)]
versus 1000/Tfor the two crystallization peaks are plotted
as shown inFig. 6. The plots are found to be linear over
most of the selected temperature range. Here, the analysis
is restricted to the initial linear region which extends over a
large temperature range[17].

The values ofmEc at different heating rates can be obtained
from the slopes ofFig. 6and seemed to be independent of the
heating rate. Therefore, an average ofmEc were calculated
by considering all the heating rates. The obtainedmEc values
are 398.48± 5.71 and 365.58± 2.59 kJ/mol for the first and
second crystallization peaks, respectively (seeTable 2).

Knowing the crystallization mechanism, the activation
energy for crystallizationEc can be obtained using the mod-

Fig. 6. Plot of ln[−ln(1− χ)] vs. 1000/Tat three different temperatures for
(a) first peak and (b) second peak for Cu0..3(SSe20)0.7 chalcogenide glass.

ified Kissinger expression[18].

ln

(
αn

T 2
p

)
= − mEc

RTp
+ ln K (6)

whereTp is the peak crystallization temperature andK is a
constant containing factors depending on the thermal history
of the sample. The average values ofn and m for the two
crystallization peaks are used in Eq.(6) to plot the graph
ln (α/T 2

p ) versus 1000/Tp (Fig. 7). From the slope of the graph
Ec are found to be 175.47± 0.67 and 295.06± 0.66 kJ/mol
for the first and second crystallization peaks, respectively
(seeTable 2). It is a common practice also to infer (m/n)Ec
from the slope of lnα versus 1000/Tp plot itself.Fig. 7shows
the plot of lnα versus 1000/Tp data for the Cu0.3(SSe20)0.7
chalcogenide glass. The value of (m/n)Ec obtained from such
a plot is listed inTable 2for the two peaks.

Table 2
Data onn, m andEc for the Cu0.3(SSe20)0.7 chalcogenide glass

Peak From ln[−ln(1− χ)] vs. 1000/Tand lnα data From ln (α/T2P) vs. 1000/Tp From lnα vs. 1000/Tp

mEc n m Ec (m/n)Ec Ec (m/n)Ec Ec

F 112.48 175.47 118.05 184.16
S 179.91 295.06 186.48 305.83
irst 398.48 4.68 3 132.83
econd 365.58 3.28 2 182.79
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Fig. 7. Plot of ln(α/T2
p ) and lnα vs. 1000/Tp for (a) first and (b) second

peaks for Cu0.3(SSe20)0.7 chalcogenide glass.

To further study the phase formation in process of crystal-
lization, the investigated glass were annealed at an annealing
temperature and then measured by DSC and standard XRD.
Lasocka[12] suggested that the second glass transition can
be clearly seen by crystallizing out the first glassy phase.
By annealing the considered glass for 2 h at a temperature
corresponding to the value of the peak crystallization tem-
perature (Tp1 = 362.5 K) of the first phase. Though most of
the first crystallization exotherm is absent.Fig. 8 shows the
continuous DSC traces at the heating rate of 10 K/min for
as-prepared glass and annealed glass at 362.5 K for 2 h. The

F s
a

Fig. 9. X-ray diffraction patterns recorded at room temperature using
Philips X’ pert diffractometer with Cu K�radiation for the as-prepared
Cu0.3(SSe20)0.7 chalcogenide glass (a) and the sample annealed at 362 K for
2 h (b) and 773 K for 24 h.

annealing induces the disappearance of the first crystalliza-
tion peak and the shift of the second crystallization peak to a
lower temperature.

Fig. 9 shows XRD patterns for the as-prepared glass
together with diffraction patterns obtained after annealing at
selected temperatures of 362.5 and 773 K.Fig. 9(a) confirm-
ing the glassy (amorphous) nature of the prepared glass. The
pattern of the sample annealed at 362 K for 2 h (Fig. 9b) shows
Bragg peaks of SSe20 phase[19]. Two crystalline phases
after fully crystallization after annealing at 773 K for 24 h
can be observed inFig. 9c, i.e., SSe20 and Cu2Se (as a minor
phase). These results indicated that the first and second peaks
observed in the DSC curve are associated with the crystal-
lization of SSe20 and Cu2Se phases[1], respectively.

Numerous efforts have been realized in order to under-
stand the nature of the glass transition and to relate the
value ofTg to easily measurable quantities. One of the best-
known relationships is the “two-third” rule proposed by
Kauzmann, stating thatTg scales with the melting temper-
ature asTg ≈ (2/3)Tm [20]. This rule is valid for annealed
glass at 362.5 K for 2 h with a value ofTg = 315.8 K while not
valid for the as-prepared DSC-curve. Following the modified
Gibbs–Dimarzio[21] equation,Tg is written as:

Tg = T0

1 − β(< r > −2)
(7)

w ain-
l
c

w hat
β

d

i d

ig. 8. DSC traces for the as-prepared Cu0.3(SSe20)0.7 chalcogenide glas
nd sample annealed at 362.5 K for 2 h. The heating rate is 10 K/min.
hereT0 is the glass transition temperature of the ch
ike glass (e.g. vitreous selenium withT0 = 316 K), for a two
omponent glass AB (e.g. Cu2Se),β is given by[22]:

1

β
= (mB − 1) ln

mB

2
(8)

heremB is the number of valencies of atom B. It is found t
= 0.72 for Cu2Se and the average coordination number〈r〉 is

efined in aM-component glass by〈r〉 =
M∑
i=1

mixi, wheremi

s the valence of an atom with concentrationxi. The calculate
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value of〈r〉 for Cu2Se is 2 and consequently the calculated
Tg is found to be 316 K. Therefore, the glass transition tem-
perature,Tg associated with the annealing exothermic peak
belongs to the Cu2Se phase. TheTg broadened endothermic
peak inFig. 1 is consists of two overlapping peaks, one for
SSe20 phase and the other for Cu2Se phase.

The activation energies to be considered in a crystalliza-
tion process are the activation energy for nucleation (En), acti-
vation energy for crystal growth (EG) and that for the whole
process of crystallization, called the activation energy for
crystallization denoted byEc. The thermal analysis methods
enable the determination ofEc [1,23–26]. It has been pointed
out [27] that in non-isothermal measurements, generally due
to a rapid temperature rise and big differences in the latent
heats of nucleation and growth, the crystallization exotherm
characterizes the growth of the crystalline phase from the
amorphous matrix; nucleation is more or less calorimetri-
cally unobservable at temperatures below the crystallization
exotherm, or it takes place very rapidly and immediately after
overheating of the material in the initial stages of the crystal-
lization exotherm, which results in the deformed beginning
of the measured exotherm. consequently, the obtained val-
ues ofEc can be taken to represent the activation energy of
growth,EG of this Cu0.3(SSe20)0.7 chalcogenide glass.

4
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g
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c
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crystallization mechanism before being able to apply non-
isothermal analyzes in a meaningful manner.

References

[1] A.A. Soliman, Thermochim. Acta 423 (2004) 71.
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