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a b s t r a c t

In this work, we have studied the temperature effects on the recrystallization process and on the energy
band gap of the TlInSe2xS2(1�x) mixed crystals at the critical composition (x ¼ 0:3) where structural phase
transition from tetragonal to monoclinic takes place. Remarkable effect which included permanent
recrystallization process, enlargements in the monoclinic crystallite size, decreases in the compressing
strain and in the dislocation density as well as in the stacking faults and in the energy band gap with
increasing temperature were observed. In addition, the temperature dependent energy band gap of the
crystal which is investigated in the same temperature range that was used for the recrystallization
process revealed that the recrystallization process is associated with energy band gap narrowing.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The TlInS2 and TlInSe2 basedmixed crystals have been attracting
the attention of research society since more than 20 years. The
importance of these two crystals arises from their applicability in
the nonlinear two - photon processes. These anharmonic optical
dynamics which are observed in thallium chalcogenides [1] can
provide substantial contribution to the nonlinear optical effects of
the third order. The two-photon processes are sensitive to the
temperature excited additional phonon contributions. In addition,
the TlInS2 and TlInSe2 basedmixed crystals gain interest as they can
be used as electron paramagnetic resonator when doped with Fe3þ

[2], as current controlled memory devices [3] and as photovoltaics
[4,5]. The mixed crystals which are composed of these two mate-
rials are reported to exhibits interesting structural, optical and
electrical properties. As for example, the TlInSeS compound exhibit
monoclinic structure with direct and indirect band gaps of 2.05 and
2.21 eV, respectively [6,7]. It was also observed that the energy
band gap of the TlInS2xSe2(1�x) mixed crystals (0.25 � x � 1) de-
creases with the increase of selenium atoms content [8]. Such
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property provides wide variety in the optoelectronic properties of
these materials.

The switching phenomena, memory effect and negative resis-
tance behavior in the TlInSeS are reported to be sensitive to the
temperature, crystal thickness and illumination intensity [9]. In
addition, the temperature is also observed to play vital role on the
performance of the Si doped TlInSe2�TlInS2 mixed crystals (Tl1�
xIn1� xSixSe2). Particularly, the temperature strongly influenced the
electroconductivity and photoinduced absorption at 0.15 eV [10].
The temperature is also mentioned as a controller of the impurity
behavior of these mixed crystals.

The TlInS2, for example, exhibits microwave dielectric disper-
sion associated with structural modifications. Such types of crystals
show strongly overdamped soft ferroelectric modes. The frequency
of these modes drops to the millimeter wave region causing
dielectric microwave dispersion and increases the static dielectric
permittivity. As the defects and impurities leads to the pinning of
the soft mode, the dynamical dielectric properties are significantly
altered [11]. In addition, the intrinsic defects which are presented in
these layered crystals are accepted to be a source of a huge number
of trapping levels below the top of energy gap. The formation of the
sub-bands by such intrinsic defect's affect the scattering mecha-
nisms of the charge carriers and phonons [1]. Thus, they results in
substantially narrowing the actual energy band gap.

The abovementioned attenuations in the physical properties via
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temperature variations motivated us to explore the temperature
effects on the microstructure of the TlInSe2xS2(1�x) mixed crystals
(x ¼ 0:3). Particularly, the temperature effects on the micro strain,
lattice constants, dislocation density, crystallite size and degree of
orientation are studied in the temperature range of 300e450 K
using the X-ray diffraction technique. In addition, the relation of
these structural modifications to the temperature dependence of
the energy band gap is investigated.
2. Experimental details

TlInSe0.6S1.4 polycrystals prepared from high-purity elements (at
least 99.999%) taken in stoichiometric proportions. TlInSe0.6S1.4
single crystals were grown by the Bridgman method in evacuated
(10�5 Torr) silica tubes with a tip at the bottom. The ampoule was
moved in a vertical furnace through a thermal gradient of 30
�Ccm�1, between the temperatures 780 and 430 �C at a rate of
1.0 mmh�1. The resulting ingots (orange in color) showed good
optical quality and the freshly cleaved surfaces were mirror-like. A
sample with 5.0 mm � 7.0 mm � 1.9 mm dimensions was used for
the measurements.

The temperature dependent X-ray diffraction patterns were
recorded in the temperature range of 300e470 K, using tempera-
ture exchanger attached to the Rigaku miniflex-600 X-ray unit. The
scanning speed was 0.05 deg./s. On the other hand, the optical
properties were recorded with the help of Thermoscientific Evo-
lution 300 spectrophotometer equipped with VEE-Max III
reflectometer.
3. Results and discussion

Depending on the published data [12] about the TlInSe2xS2(1�x)
mixed crystals which indicate that the mixed crystals exhibit
structural phase transitions from the tetragonal TlInSe2 to the
monoclinic TlInS2 at a content (x) of 0.30, we have carried out
detailed temperature-dependent structural analysis on this mixed
crystal (TlInSe0.6S1.4). The resulting X-ray powder diffraction (XRD)
data of the TlInSe0.6S1.4 mixed crystal in the temperature range of
30e200 �C are shown in Fig. 1. The figure indicates well crystalline
phase of the material. In order to understand, the properties of this
phase, the resulting XRD patterns were subjected to software
analysis using the “TREOR 92” and “Crystdiff ” software packages.
The analysis of the nine observed peaks (Fig. 1) had shown that the
crystal exhibits tetragonal unit cell characteristics with lattice
Fig. 1. The temperature dependent X-ray diffraction patterns of the TlInSe0.6S1.4
crystals.
parameters of a¼ 8.1799 and c¼ 28.5378 oA at temperature of
303 K. The most strong reflection peak which appeared at
2q ¼ 24:247

�
is in the (116) direction. The second less strong peak

which appeared at 2q ¼ 12:4075
�
occurs in the (115) orientation

direction. The difference between the measured and calculated 2q
values was mostly 0.024 and for one minor peak (2q ¼ 55:69

�
) it

was 0.068 at maximum. With these restrictions, the tetragonal
structural phase with the mentioned lattice parameters appears to
fit well with the properties of the TlInSe2xS2(1�x) before the struc-
tural transition from tetragonal to monoclinic taking place. The
calculated lattice parameters for the tetragonal unit cell are com-
parable to those reported for b� TlInS2 as a ¼ 7.680 Å and
c ¼ 29.976 Å which relate to the space group I4/mcm comprising 16
formula units [13]. The values are very different from those re-
ported for the tetragonal TlInSe2 as a ¼ 8.071 and c ¼ 6.861 Å
[13,14]. On the other hand, the experimental data revealed an exact
solution for a monoclinic unit cell of lattice parameters of
a ¼ 8.2436 Å, b ¼ 8.1181 Å, c ¼ 15.4098 Å and b ¼ 103:72 �. The
maximum peak orientation appears in the (201) direction. The
difference between the observed and calculated 2q values for this
unit cell was mostly 0.003 (including the peak observed at
2q ¼ 55:69

�
) and reaches 0.024 at most for two minor peaks. The

lattice parameters values for the monoclinic unit cell are less than
those reported for TlInS2 crystals [13]. They are also different from
those reported for the monoclinic TlInSeS crystals as a ¼ 0.72850,
b ¼ 0.45380, c ¼ 0.78357 nm, and b ¼ 106.22� [15]. The reason
beyond these differences should be assigned to the S and Se atomic
compositions. The TlInS2 and TlInSe2 crystal systems are reported
to exhibit low-dimensional structures with the crystal lattice being
composed of alternating two dimensional layers oriented parallel
to the (001) plane [8]. Each successive layer is rotated by 90� with
respect to the previous layer. The bonding of the interlayers and
intralayers are formed between the Tl and S, and In and S atoms,
respectively. This bonding mechanism forces the Tl atoms to follow
chain order along the [110] and ½110�� directions [8]. In addition, in
the TlInSe2 crystal, the univalent Tl and trivalent In atoms exists in a
tetrahedral Se environment, thus, the InSe4 tetrahedral of the unit
cell form chains parallel to the c-axis extending along the [001]
directions. Such chains are bonded with each other by Tl atoms. As
mentioned at the beginning of this section, the transformation from
tetragonal to monoclinic should have taken place at x¼ 0.3. So with
critical composition, the solution of the X-ray diffraction patterns
likely to be of monoclinic type owing to themore close values of the
calculated diffraction angles to those observed in Fig. 1.

The effect of temperature on the crystallization process, which is
studied in the temperature range of 303e473 K and shown in Fig. 1,
is better presented in Fig. 2. The figure shows the enlargement of
the maximum peak as a function of temperature. As seen, the peaks
systematically shift toward lower 2q values. The shift is associated
with a decrease in the XRD patterns intensity (inset of Fig. 2). This
systematic shift is an indication of uniform deformation or
recrystallization. The recrystallization is defined as the formation of
new, strain-free, equiaxed grains from previously strain-hardened
grains. In the recrystallization process, the deformed grains are
replaced by a new set of undeformed grains that nucleate and grow
until the original grains have been entirely consumed. When the
XRD patterns were recorded after the sample was cooled to room
temperature, the X-ray diffraction patterns were the same as those
which was recorded at 473 K indicating that the deformation
(recrystallization) is of an inelastic type. The same conclusion is
valid for any other temperature cycling. As another example, when
the sample was heated at 373 K and then cooled to room temper-
ature, the X-ray diffraction patterns at room temperature are like
those which were observed at 373 K. The structural deformations



Fig. 2. Enlargement of the most intensive peak in the XRD patterns of the TlInSe0.6S1.4
crystals showing the deformation effects. The inset shows the decrease in the peak
intensity as function of temperature.
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(recrystallization) are permanent. The XRD patterns were also
recorded at room temperature three weeks later and no change in
the patterns were observed. To understand the reasons for this
permanent deformation (recrystallization) which resulted from
temperature variation, the crystallite size (D), microstrain ð2Þ,
dislocation (defect) density (d) and stacking faults (SF) were
calculated from the broadening width (b) of the most intensive
peak with the help of the equations, D ¼ 0:94l=ðbcosðqÞÞ,
ε ¼ b=ð4 tanðqÞÞ, d ¼ 152=ðaDÞ and SF ¼ 2p2b

ð45
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 tanðqÞ

p
Þ [16,17],

respectively. The respective temperature-dependent calculations
are shown in Fig. 3 (a)-(d). As seen from Fig. 3 (a) an increase in the
crystallite size from 43.5 to 47.5 nm is associated with temperature
increase from 303 to 473 K. Consistently, the strain (Fig. 3 (b)) de-
creases with increasing temperature indicating that there exist an
atomic displacement. The decrease in the compressing strain with
temperature should be a significant reason for the enhancement of
Fig. 3. The temperature dependent (a) crystallite size, (b) strain, (c) d
the crystallite size with temperature. In like manner, the defect
density (Fig. 3 (c)) and the stacking faults (ST) also systematically
decrease by ~ 13e15% of the original value. All the parameters are
consistently varying indicating that the TlInSe0.6S1.4 exhibits sys-
tematic recrystallization upon heating up to 473 K.

Similar studies concerned the increase in the crystallite size, the
decrease in stacking faults, the decrease in microstrain and in the
defect density with increasing substrate temperature of MoO3 films
[17]. These studies concluded an enhanced recrystallization process
through temperature variation. This response to temperature
variation in MoO3 films was assigned to the formation of micro-
plates that result from the aggregation or fusion of small particles at
higher temperatures [17]. The increase in the crystallite size with
increasing temperature was also observed for the AgIn5S8 poly-
crystalline films [18]. This behavior was assigned to the reduction in
the internal energy. The crystallite growth happens when recovery
and recrystallization processes are complete and no further
reduction in the internal energy could be possible. For this reason,
the total energy stabilization can be achieved by reducing the total
area of the crystallite boundaries. In recovery process, the
deformed crystallites may reduce their stored energy by the
removal or rearrangement of defects in their crystal structure
which also explains the behavior of Fig. 3 (c) and (d). Consistently,
during the recrystallization process, the deformed crystallites are
replaced by a new set of unreformed crystallites that nucleate and
grow until the original crystallites have been entirely consumed
[18,19].

The increase in the crystallite size that is associated with lower
defect density and decreasing stacking faults play vital role in the
optical and electronic performance of the TlInSe2xS2(1�x) crystals.
The earlier studies have shown that band gap energy in the tem-
perature region of 10e300 K, decreases with increasing tempera-
ture in accordance with the equation,

EgðTÞ ¼ Egð0Þ þ gT2
.
ðqD þ TÞ (1)

with g ¼ dEg=dT being the temperature gradient of the band gap
efect density and (d) stacking faults for the TlInSe0.6S1.4 crystals.



Fig. 4. The temperature dependent (a) ðaEÞ2 � E variation and (b) energy band gap.
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and qD being the Debye temperature [8]. To observe the effects of
the structural modifications on the energy band gap we have
recoded the optical absorbance (A) as function of temperature in
the range of 303e473 K. The calculation of the energy band gap is

determined from Tauc equation, ðAEÞ2 ¼ ðE � EgÞ, which is pre-
sented in Fig. 4 (a) [8]. The E � axis crossings which are shown by
the solid lines in Fig. 4 (a) allowed determining the energy band gap
values as function of temperature. As illustrated in Fig. 4 (b), the
energy band gap decreases with increasing temperature as ex-
pected. The fitting of Eqn. (1), which is shown by solid line in Fig. 4
(b), reveals the value of g ¼ �4:2� 10�4 eV=K , Egð0Þ ¼ 2:28 eV and
qD ¼ 135 K . These parameters are consistent with those reported
for TlInSe0.5S1.5 crystals [8]. Due to the narrow range of tempera-
ture, the fitting of the experimental data of the Eg � T dependence
with Eqn. (1) could be of less physical significance, thus, the Eg � T
variation could also be approximated by linear fitting through the
equation, EgðTÞ ¼ �gT þ Egð0Þ. In this case the values of g and
Egð0Þ are found to be �3:3� 10�4 eV=K and 2.29 eV, respectively.
The values of g and Egð0Þwhich are evaluated by Eqn. (1) and by the
linear fitting are comparable to each other indicating the same
sensitivity to temperature variations. The shrinkage in the energy
band gap value as a result of temperature raising is assigned to the
enlargement of the crystallite size that is associated with com-
pressing strain and less stacking faults. In other words, as the
temperature increases, the lattice constant decreases (compressing
strain) causing a relaxation of the residual stress. Stresses result
from the existence of vacancies and interstitial atoms [20]. Nu-
merical simulations have shown that the stacking fault energy
result in low vacancy production and the high stacking fault energy
results in collective reactions of complete lattice dislocations and
the accumulation of high vacancy concentrations [21]. While the
vacancy destroys the balance of attraction and repulsion between
neighboring crystal planes leading to the contraction of the crystal
lattice and the existence of tensile stress, the interstitial atoms at
the normal sites of the lattice excludes each other leading to the
expansion of lattice parameters and hence causing compressive
stress [20]. Since the lattice constant is related to the uniform strain
and biaxial stress along a particular axis, the dominant tensile
strain increases the grain sizewith increasing temperature. It is also
believed that with the raising of the temperature, the residual
stress relaxes and the tensile strain dominates. Similar studies on
doped ZnO thin films assigned the narrowing in the energy band
gap with increasing temperature to the increase in the grain size
and decrease in the compressing strain. They attributed the
shrinkage in the band gap to the domination of the tensile strain
[20]. In addition, the temperature-dependent recrystallization
process enhances activated population of phonon in the TlIn-
Se0.6S1.4 crystals, which in turn causes more electron-phonon
interaction. This interaction also results in band gap shrinkage at
high temperatures [22]. In addition, in accordancewith Eqn. (1), the
amplitude of atomic vibrations increases with increasing temper-
ature leading to larger interatomic spacing and forcing stronger
lattice phonon excitations as well. The interaction between the
lattice phonons and the free electrons and holes also affects the
band gap. Such kind of crystals which exhibit a shrinking in the
energy band gap upon heat treatments are of particular interest for
the photoinduced laser operation. They are extremely important
when using them as infrared materials operating at ambient con-
ditions [23].

4. Conclusions

In the current work, we have investigated the temperature ef-
fects on the recrystallization process as well as the crystallite size,
strain, dislocation density, stacking faults and energy band gap of
the TlInSe2xS2(1�x) (x ¼ 0:3) at the structural phase transition point
from tetragonal to monoclinic. It was observed that the increase in
the temperature causes better permanent recrystallization associ-
ated with a decrease in the energy band gap value with increasing
temperature. The shrinkage in the energy band gap as a result of
temperature recrystallization process of the TlInSe2xS2(1�x) crystals
makes it more appropriate for use as an active media for photoin-
duced laser operations.
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