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Crystal growth kinetics in (GeS2)0.2(Sb2S3)0.8 glass
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Abstract

The crystal growth kinetics of Sb2S3 in (GeS2)0.2(Sb2S3)0.8 glass has been studied by DSC and optical microscopy. The linear growth kinetics
of Sb2S3 has been observed in the temperature range 525 K ≤ T ≤ 556 K (EG = 295 ± 3 kJ mol−1). From the reduced growth rate plot (i.e., growth
rate corrected for viscosity) as a function of supercooling it has been found that the most probable mechanism is interface controlled 2D nucleated
growth. The DSC data, corresponding to the bulk sample under isothermal and non-isothermal, can be described by the Johnson–Mehl–Avrami
equation for the kinetic exponent m ∼= 2.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Crystal growth; Crystallization kinetics; Growth rate; Viscosity; Chalcogenide glass; Nucleation-growth model

1

t
[
i
u
a

b
c
k
O
e
w

2

f
d
d
T
s
a

0
d

. Introduction

Antimony trisulphide (stibnite) is an important semiconduc-
or in view of its photosensitive and thermoelectric properties
1]. It is used in television cameras, microwave devices and var-
ous optoelectronic devices [2,3]. Sb2S3 thin films can also be
sed for write-once-read-manytimes (WORM) type optical stor-
ge applications [4].

In this paper we attempt to show a direct connection
etween our measurements of crystals growth (studied by opti-
al microscopy) and viscosity and DSC data of crystallization
inetics in glassy (GeS2)0.2(Sb2S3)0.8 published recently [5].
nly through viscous flow of undercooled melts it seems to be

ffective to completely describe crystallization behavior like-
ise was described in papers by Málek et al. [6,7].

. Experimental

The bulk glassy samples were prepared by direct synthesis
rom germanium, antimony (purity 99.999%) and three times
istilled sulphur in evacuated fused silica ampoules (inside

in ice water. The amorphous character was confirmed by X-
ray diffraction (XRD). Optical microscopy was used to verify
homogeneity of prepared materials.

The samples were prepared as a bulk specimen polished
to optical quality. They were about 3 mm × 4 mm in size
and 1.5 mm thick. These prepared samples were heated
in a computer-controlled furnace at selected temperatures
(525–556 K) for various times. The dominantly growing propor-
tion of the observed crystals was studied by optical microscopy.
The optical microscope Olympus BX60 with reflect light mode
was used. The sizable difference in reflectivity between the
amorphous glassy matrix and the crystalline phase enables the
observation of crystal growth.

The calorimetric experiments were performed by a Perkin-
Elmer differential scanning calorimeter Pyris 1 (calibrated with
standards Hg, Ga, In, Sn, Pb and Zn). The bulk samples (about
30 mg) of the studied glass were prepared in the form of thin
plates both-side polished to optical quality. They were mea-
sured in the standard aluminum sample pans. All measurements
were done under dry nitrogen atmosphere. The crystallization
behavior was studied under isothermal (589–601 K) and non-
isothermal conditions (323–673 K, heating rates 5–30 K min−1).
iameter 16 mm and length 140 mm). Total charge was 12 g.

he ampoule was evacuated to a pressure 10−3 Pa for 30 min and
ealed. Then it was placed in a rocking furnace. After synthesis
nd homogenization (20 h, T = 1223 K) the melt was quenched

Heating rate 200 K min−1 was used to heat samples to temper-
ature selected for isothermal crystallization measurements.

XRD analysis of amorphous and crystallized sample was per-
formed using a Bruker AXS X-ray diffractometer D8 Advance
e
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The samples were analyzed by an electron scanning micro-
scope JEOL JSM-5500LV and by electron-dispersive X-ray
analyzer IXRF Systems (detector GRESHAM Sirius 10). The
accelerating voltage of the primary electron beam was 20 kV.
The quantitative analysis was performed by using the standards
purchased from C.M. Taylor Corporation, USA.

Viscous behavior of (GeS2)0.2(Sb2S3)0.8 undercooled melt
in the range of 107–1013 Pa s was studied by penetration vis-
cosimetry using the thermomechanical analyzer TMA CX03R
(R.M.I., Czech Republic). The power in the range of 10–500 mN
was applied on the hemispherical indenter which was pene-
trated into the sample under isothermal conditions. Duration of
these isothermal measurements was between 0.5 and 50 h (cor-
responds to 549 and 483 K). Other details of the used method
and instrument are described elsewhere [8].

3. Results

3.1. DSC measurements of crystallization kinetics

This part of paper deals with crystallization kinetics of Sb2S3
measured by DSC method in glassy (GeS2)0.2(Sb2S3)0.8 bulk.
The crystallization behavior was observed under non-isothermal
and isothermal conditions. In the temperature range 323–673 K
was determined the glass transition temperature Tg (about 510 K
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Fig. 2. Isothermal DSC curves for crystallization of Sb2S3 in (GeS2)0.2

(Sb2S3)0.8 bulk samples (points). The solid lines were calculated using Eqs.
(5) and (6) for E = 268 kJ mol−1, m = 2 and ln(A/s−1) = 47.2 ± 0.1.

negatively affects the accuracy of the measurement. The crys-
tallization enthalpy corresponding to the area under exothermic
peaks was found to be −65 ± 2 J g−1 for non-isothermal condi-
tions and −60 ± 1 J g−1 for isothermal conditions.

The samples were analyzed by X-ray diffraction (Fig. 3)
before and after DSC measurements. The crystallization product
was identified as the orthorhombic form of Sb2S3 (stibnite).

Next important kinetic parameter is the apparent activation
energy. From data measured under non-isothermal conditions

Fig. 3. X-ray diffraction pattern of prepared glass and crystallized material. The
bar diagram corresponds to the JCPDS file of crystalline Sb2S3 (stibnite).
t heating rate 10 K min ) and one exothermal crystalliza-
ion peak. This exothermal peak was found in temperature
ange 582–666 K for non-isothermal conditions at heating rates
–30 K min−1 (Fig. 1) and in temperature range 589–601 K for
sothermal conditions (Fig. 2). These isothermal temperatures
epresent an optimum condition for isothermal measurement.
t higher temperatures the crystallization response is too fast

nd due to significant time constant of the DSC instrument
ome part of experimental data may be lost. Lower tempera-
ures bring another difficulty because the signal-to-noise ratio

ig. 1. (A) Typical non-isothermal DSC curve over all the temperature range
f bulk sample (GeS2)0.2(Sb2S3)0.8 for heating rate 10 K min−1 (Tg is the glass
ransition temperature, Tp is the temperature of the maximum of crystalliza-
ion peak). (B) Non-isothermal DSC curves for crystallization of Sb2S3 in
GeS2)0.2(Sb2S3)0.8 bulk sample for different heating rates (points). The solid
ines were calculated using Eqs. (5) and (6) for E = 180 kJ mol−1, m = 2 and
n(A/s−1) = 30.0 ± 0.1.
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we calculated the value of this activation energy using Kissinger
method [9]:

ln

(
β

T 2
P

)
= const − E

R
×

(
1

TP

)
(1)

where β is the heating rate, Tp is the temperature of the maxi-
mum of crystallization peak, E is the apparent activation energy.
Dependence of ln(β/Tp

2) on 1/Tp is the straight line with slope
180 ± 4 kJ mol−1.

The other method for non-isothermal conditions is isocon-
versional method [10]. This method can be used in equivalent
form also for isothermal conditions.

ln Φα = ln[(�H × A × f (α))] − E

R
× 1

Tα

(2)

where Φ is the heat flow, �H is the crystallization enthalpy, A
is the pre-exponential factor, f(α) is the analytical expression of
the kinetic model, α is the conversion ratio and E is the apparent
activation energy.

The plots of ln Φα versus 1/Tα with straight lines for dif-
ferent values of α were obtained. From these slopes were
calculated the values of apparent activation energy. The aver-
age value of this energy calculated in the range 0.2 ≤ α ≤ 0.6
is 268 ± 40 kJ mol−1 for isothermal conditions and 180 ± 4 kJ
mol−1 for non-isothermal conditions.
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3.3. Optical measurements of crystal growth in bulk
(GeS2)0.2(Sb2S3)0.8 composition

Only one type of crystal morphology within the bulk was
observed by optical microscopy during our measurements. The
X-ray diffraction confirmed that the crystalline phase corre-
sponds to orthorhombic Sb2S3 (stibnite). The morphology of
growing crystals was not dependent on temperature and time in
the range of 525–556 K. We found that the crystallization starts
predominantly from randomly distributed nuclei (Fig. 5a). The
oval crystals were predominately observed (Fig. 5b). The lengths
of oval crystals were plotted as time dependence at temperature
range of 525–556 K (Fig. 6). Every experimental point and corre-
sponding error was obtained as a mean from at least 10 different
crystal objects. Time dependences of crystal’s lengths are linear
for all measurements. This type of behavior is typical for crystal
growth controlled by interface kinetics. The crystal growth rates
corresponding to the slope of these dependences are summarized
in Table 1. The logarithm of crystal growth u versus reciprocal
temperature 1/T is shown in Fig. 7. The full lines correspond to
the least-square fit of these data. The activation energy of crystal
growth EG = 295 ± 3 kJ mol−1 was obtained from the slope of

Fig. 5. Randomly distributed crystals of Sb2S3 in (GeS2)0.2(Sb2S3)0.8 sam-
ple (A) and detail of dominant form of crystals in partially crystallized
(GeS2)0.2(Sb2S3)0.8 sample (B). Photographs were made in reverse light mode
of optical microscopy.
.2. Viscosity measurements of (GeS2)0.2(Sb2S3)0.8

The viscous behavior of (GeS2)0.2(Sb2S3)0.8 was studied by
enetration viscometry in the range of 107–1013 Pa s. Obtained
emperature dependence of viscosity is shown in Fig. 4. We
alculated the apparent activation energy Eη of viscous flow
rom Arrhenius plot (3):

= η0 exp
Eη

RT
(3)

here T is the temperature, η is the measured viscosity and η0
s a constant. This activation energy Eη is 439 ± 6 kJ mol−1 and
emperature corresponding to viscosity 1012 Pa s is 494 K.

ig. 4. Temperature dependence of viscosity of (GeS2)0.2(Sb2S3)0.8 under-
ooled melt.
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Fig. 6. Time dependence of the length of Sb2S3 crystals grown in (GeS2)0.2

(Sb2S3)0.8 undercooled melt.

Table 1
The crystal growth rate of Sb2S3 in (GeS2)0.2(Sb2S3)0.8 undercooled melt

Temperature (K) Growth rate (�m min−1)

556 2.25
552 1.48
549 1.05
546 0.79
544 0.56
540 0.35
536 0.20
532 0.13
525 0.06

this plot, premising the Arrhenius behavior (4).

u(T ) = AG × e− EG
RT (4)

where T is the temperature, u is the crystal growth rate, AG is the
pre-exponential factor from growth data and EG is the apparent
activation energy of the crystal growth.

Fig. 7. Arrhenius plot of the crystal growth rate measured by optical microscopy.
The line corresponds to the least-square fit of these data.

3.4. X-ray diffraction analysis

Fig. 3 shows typical XRD pattern of amorphous (GeS2)0.2
(Sb2S3)0.8 glass and fully crystallized material. All diffraction
peaks can be assigned to the orthorhombic unit cell of Sb2S3
(stibnite). No characteristic peaks of other impurities (GeS,
GeS2) were found. All peaks were assigned by using the JCPDS
Card 42-1393.

4. Discussion

The measured heat flow Φ can be described by kinetic equa-
tion [11]:

Φ = �H × A × exp
−E

RT
× f (α) (5)

where�H is the crystallization enthalpy, A is the pre-exponential
factor and E is the apparent activation energy. The function f(α)
is an analytical expression of the kinetic model. One the most
widely used kinetic model is Johnson–Mehl–Avrami nucleation-
growth model JMA (m) [11]:

f (α) = m × (1 − α) × [−ln(1 − α)]1−1/m (6)

where α is the conversion and m is the kinetic exponent which
reflects nucleation rate and crystal morphology.
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Determination of kinetic model is based on the z(α) and y(α)
unctions. These functions can be easily obtained by a simple
ransformation of DSC data. They can be defined under non-
sothermal conditions [10]:

(α) = Φ × exp
E

RT
(7)

(α) = Φ × T 2 (8)

nd under isothermal conditions [10]:

(α) = Φ (9)

(α) = Φ × t (10)

The z(α) and y(α) functions normalized within range 〈0; 1〉
nder non-isothermal conditions for bulk samples are shown
n Fig. 8 (assuming that E ∼= 180 kJ mol−1). The maxima of
hese dependences were found at αz (max) = 0.63 ± 0.03 and
y (max) = 0.43 ± 0.02. Under isothermal conditions are shown
(α) and y(α) normalized functions in Fig. 9. The maxima of
hese dependences were found at αz (max) = 0.63 ± 0.01 and αy

max) = 0.34 ± 0.03. Characteristic value of maximum of z(α)
unction for JMA(m) kinetic model is 0.632 [10]. The crystal-
ization process of Sb2S3 in the bulk form of (GeS2)0.2(Sb2S3)0.8
an be described by JMA model under non-isothermal and
sothermal conditions. This model has been used in subsequent
nalysis. The value of parameter m was calculated from equation
12]:

= [1 + ln(1 − αy(max))]−1 (11)

The value of parameter m is 2.3 ± 0.2 under non-iso-
hermal conditions and 1.7 ± 0.2 under isothermal conditions.
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Fig. 8. Normalized z(α) and y(α) function for non-isothermal crystallization of
bulk samples of (GeS2)0.2(Sb2S3)0.8 undercooled melt. Points correspond to
DSC data transformed using Eq. (7) and (8). Solid line is a prediction of JMA
equation for m = 2.

For next kinetic analysis was used Johnson–Mehl–Avrami
model with average parameter m = 2. Fig. 1 (solid lines)
shows non-isothermal DSC curves, calculated by Eq. (5) for
E = 180 kJ mol−1, m = 2 and ln(A/s−1) = 30.0 ± 0.1. In Fig. 2
(solid lines) are shown isothermal DSC curves, calculated by
Eq. (5) for E = 268 kJ mol−1, m = 2 and ln(A/s−1) = 47.2 ± 0.1.
The pre-exponential factor was variable and other parameters
were constant.

It has been anticipated above that optical measurements
reveal features typical for crystal growth controlled by interface
kinetics. In this case there are three basic phenomenological
models suitable for description of crystal growth in undercooled
melt [13]:

- normal growth;
- screw dislocation growth;
- 2D surface nucleated growth.

For molecularly complex liquids can be assumed that reori-
entation of the molecules or breaking bonds between atoms
must precede the incorporation of the molecule into the crys-

Fig. 9. Normalized z(α) and y(α) function for isothermal crystallization of bulk
samples of (GeS2)0.2(Sb2S3)0.8 undercooled. Points correspond to DSC data
transformed using Eq. (9) and (10). Solid line is a prediction of JMA equation
for m = 2.

tal. This reorientation and bond breaking in fact controls the
crystal growth rate u. The usual assumption is that the temper-
ature dependence of the interface process can be described by
undercooled melt viscosity η using the Stokes–Einstein relation
[13,14]. Jackson et al. [15] has emphasized the importance of a
bulk thermodynamic property (as the entropy of fusion �Sf) on
the crystallization processes and on the nature of crystal–liquid
interface in undercooled melts. The operative growth mecha-
nism can be then assessed from the reduced growth rate UR
given by the following equation [13]:

UR = u × η

1 − exp(−�Sf × �T/RT )
(12)

where T is the temperature at which the crystal growth rate u are
measured and the viscosity η are extrapolated, �T is undercool-
ing with respect to the melting point (�T = Tm − T) and �Sf is
the entropy of fusion of crystalline phase.

The temperature dependence of UR gives information directly
about the growth sites at the interface. In terms of the stan-
dard kinetic models, UR versus �T relation for normal growth
would be a horizontal line, for screw dislocation growth a line of
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Fig. 10. Reduced growth rate vs. undercooling for crystallization of Sb2S3 in
undercooled (GeS2)0.2(Sb2S3)0.8 melt.

positive slope passing through the origin, and for surface nucle-
ation growth a curve passing thought the origin which would
exhibit positive curvature. In our calculations we used the value
of entropy of fusion �Sf = 49.39 J mol−1 K−1 and melting point
of Sb2S3 Tm = 823 K [16]. Fig. 10 shows the reduced growth
rate calculated from experimental growth rate (Table 1) and vis-
cosity data (Fig. 4). The positive curvature of this plot denotes
2D surface nucleated growth. In this case, the growth rate can
be expressed as

u = C

η
exp

(
− B

T × �T

)
(13)

where B and C are constants [13].
Fig. 11 shows the dependence of ln(u × η) on (T × �T)−1

obtained from our experimental data (points). Solid line corre-
sponds to the least-square fit of these data. It is apparent that
the predicted linear dependence is confirmed for crystal growth
of Sb2S3 in whole temperature range. We obtained parameters
B = (5.3 ± 0.2) × 106 K2 and ln(C/N m−1) = 34.1 ± 1.2.

F
t
c

Fig. 12. Temperature dependence of crystal growth rate and viscosity in
(GeS2)0.2(Sb2S3)0.8 undercooled melt. The dash dotted line corresponds to the
calculated data by Eq. (13). Solid line corresponds to extrapolated viscosity data.

In Fig. 12 are plotted the viscosity data (7 < log(η/Pa s) < 13),
the experimental growth rate data (Table 1) and data cal-
culated by using parameters B and C obtained from the
ln(u×η) versus (T×�T)−1 plot (dash dotted line). The opti-
mal conditions for optical observation of Sb2S3 crystal growth
in (GeS2)0.2(Sb2S3)0.8 undercooled melt were for viscosity:
6.9 < log(η/Pa s) < 9.2. The maximum of crystal growth was
approximately estimated around 619 K. From Fig. 12 is apparent
that the calculated growth rates are relatively in reasonably good
agreement with experimental data at a large range of undercool-
ing, although we extrapolate the viscous data.

The observed growth of Sb2S3 crystal in undercooled melt
of (GeS2)0.2(Sb2S3)0.8 composition by optical microscopy
takes place at lower temperature than was detected by DSC
method under isothermal conditions. We calculated the crys-
tal growth rates will be about 30 �m min−1 at 589 K and about
50 �m min−1 at 601 K. These values of crystal growth for
isothermal conditions are too fast and out of observed limits
by optical microscopy in our case. The average apparent acti-
vation energy for isothermal conditions obtained by isocon-
versional method is 268 ± 40 kJ mol−1 and 180 ± 4 kJ mol−1

for non-isothermal conditions. The activation energy calcu-
lated by Kissinger method for non-isothermal conditions is
180 ± 4 kJ mol−1. The activation energy obtained from opti-
cal measurements is EG = 295 ± 3 kJ mol−1. This value is in
the error limits close to activation energy calculated by iso-
c
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m
l
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T
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i

o
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ig. 11. Plot of logarithm (growth rate x viscosity) vs. (T × �T)−1 for crys-
allization of Sb2S3 in (GeS2)0.2(Sb2S3)0.8 undercooled melt. The solid line
orresponds to the least-square fit of experimental data.
onversional method at isothermal conditions. The activation
nergies determined by using Kissinger and isoconversional
ethod for non-isothermal conditions are close in the error

imits too. The maximum of crystal growth was approximately
stimated around 619 K with crystal growth rate 69 �m min−1.
he activation energy obtained for viscosity measurements is
η = 439 ± 9 kJ mol−1. Temperature corresponds to viscosity
012 Pa s is 494 K and the temperature glass transition from DSC
s about 510 K.

The activation energy of crystal growth represents about 2/3
f the activation energy of viscous flow. A similar result was
ound for crystallization in (GeS2)0.3(Sb2S3)0.7 undercooled
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melt [6]. The ratio EG/Eη
∼= 1/2 was found for crystallization

in another chalcogenide systems [7,17].

5. Conclusions

The crystal growth kinetics of Sb2S3 in (GeS2)0.2(Sb2S3)0.8
undercooled melt has been studied by DSC and optical
microscopy. Following conclusions can be formulated.

At the studied range 323–673 K was detected one exother-
mic peak corresponding to crystallization of Sb2S3 (stib-
nite). The crystallization behavior was described by the
Johnson–Mehl–Avrami model with parameter m = 2 under non-
isothermal and isothermal conditions.

Two-dimensional crystal growth was observed by optical
microscopy at the temperature range of 525 K ≤ T ≤ 556 K. The
activation energy of linear crystal growth is 295 ± 3 kJ mol−1.
Only the orthorhombic Sb2S3 crystals were observed.

The interface controlled 2D nucleated growth was deter-
mined from the plot of reduced growth rate versus undercooling.
The optimal conditions for optical observation of Sb2S3 crystal
growth are for viscosity: 6.9 < log(η/Pa s) < 9.2. The maximum
of crystal growth was approximately estimated around 619 K
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