
Introduction

TlSbSe2 is characterized by its cleavage, by the strong

anisotropy of its natural properties and its phase trans-

formations. Also, it presents interesting semiconducting

properties [1–7]. Its high light sensitivity and its low

surface state density had resulted in its vast use in the

production of MTIS leds (metal thin insulator-semicon-

ductor) and layered semiconductor crystals.

TlSbSe2 presents two-phase transformations. The

phase of high temperature (HT) is orthorhombic with the

atoms of Tl and Sb being statistically allocated to the po-

sitions of the cations. On the contrary, the allocation of

the cations at the low temperature phase is strongly or-

dered. At room temperature, (RT) Wacker et al. [8, 9]

found out that the crystals belong to the monoclinic sys-

tem, with a space group such as P21 (C
2

2
) and lattice pa-

rameters a=9.137 �, b=4.097 �, c=12.765 �, β=111.75°.

Between the high temperature phase and the room tem-

perature one, there is an additional phase, which is par-

tially ordered (PO) [10]. Kiosse et al. [11] showed that

depending on the mode of the thermal process of the sam-

ple, it is possible to exist in two different structures: a

monoclinic one with a possible space group C2/m or C2

and an orthorhombic one with Cmmm or C222.

The aim of this work is to characterize the

grown material, TlSbSe2, through TEM microscopy

and FTIR spectroscopy in two directions to study its

phase transformation.

Experimental

The growth of the monocrystals was realized with the

Bridgman method. The original materials – of

99.999% purity for the Tl and Se and of greater than

99% purity for the Sb – were placed in stoichiometric

ratio in a quartz ampoule, which was sealed under a

vacuum better than 10
–5

Torr. The ampoule was placed

in a vertical furnace and it was held at a temperature

higher than the melting points of the ingredients and of

the final product, for 48 h. After that, the ampoule

started to go down mechanically so as to slowly cool

down to room temperature. The speed during the cool-

ing process was accurately measured in the area of the

melting point of TSbSe2 at 1.5 K h
–1

. The grown crys-

tals were characterized by XRD and TEM. For the

study with the X-rays, a powder diffractometer with

CuKα radiation was used. The TEM study was con-

ducted with a JEM100C microscope at an operation

voltage of 100 kV.
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The thermal measurements were carried out us-

ing Setaram DSC141 unit. Temperature and energy

calibrations of the instrument were performed at dif-

ferent heating rates, using the melting temperatures

and melting enthalpies of high-purity zinc, tin and in-

dium supplied with the instrument. The samples used

that were in powder form and weighed about 50 mg,

were crimped in aluminum crucibles and an empty

aluminum crucible was used as reference. A constant

nitrogen flow was maintained to provide a constant

thermal blanket within the DSC cell, thus eliminating

thermal gradients and ensuring the validity of the ap-

plied calibration standard from sample to sample.

The reflectivity spectra of the TlSbSe2 crystals

were taken for each sample, from a freshly cleaved

surface, at two polarizations, in the spectral region

30–5000 cm
–1

(3.7 meV–0.62 eV). The FTIR spectra

were collected using a Bruker IFS113V spectrophoto-

meter working under vacuum. In MIR region of

400–5000 cm
–1

, all spectra were received using a

MIR polarizer, consisting of 0.12 μm wide strips of

aluminium on a KRS substrate, while in FIR region of

30–400 cm
–1

, the used FIR polarizer consisted of alu-

minium grids deposited on a polyethylene substrate.

Polarizer was mounted on a special holder with an ap-

propriate stepping motor.

Results and discussion

The slow growth of the crystalline material and also,

the prolonged stay of the structural material at a high

temperature, created the necessary conditions for the

structural arrangement of the material in its more en-

ergetically stable form. In Fig. 1 a typical diffracto-

gram of the grown crystals is presented. The lattice

parameters were determined using the Rietveld

method, and were found to be a=9.13 �, b=4.10 �,

c=12.75 � and β=111.63°. These values are in very

good coincidence with those from the literature [12].

From the images of electron diffraction (Fig. 2), the

characteristic hkl indices of the diffraction spots and

the assessment of the zone axis of the diffraction pat-

terns are identified with accuracy.

Both, the X-ray analysis data of samples taken

from different parts of the grown crystal and the ob-

servations at microscopic level with the use of the

TEM, suggest that the material is homogeneous and

belongs to the monoclinic system, which coincides

with that of Wacker et al. [12]. The vertical direction

at the cleavage plane was found to be the [010] one of

the monoclinic symmetry.

In Fig. 3 are presented the reflectivity spectra of

the crystal at two directions, in FIR region. The charac-

teristic reflectance bands appear in the frequency range

of 60–200 cm
–1

, while at higher wavenumbers there is

not any characteristic peak. The spectra at the two dif-

ferent directions (E//b and E//a), confirm the existence

of a major anisotropy. From the comparison of the

spectra of Fig. 3 with those measured by Syrbu et al.

[13], it is clear that there are differences in their charac-

teristics, but mainly, we observe the appearance of new

peaks. The new peaks are attributed to discrete phon-

ons. The number of phonons in the spectrum of the
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Fig. 1 X-ray diffraction pattern

Fig. 2 Electron diffraction pattern

Fig. 3 Reflectivity spectra of TlSbSe2 crystal for E//b and E//a

polarizations



crystal – which is crystallized at the monoclinic system

– is not clearly defined. The attribution of the

reflectance spectrum peaks can be done by the theoreti-

cal analysis of the band structure of TlSbSe2 (Fig. 4).

The reflectivity spectra were fitted by a complex

dielectric function in the form of a sum of four classi-

cal Lorentz oscillator terms, according to Eq. (1):
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where n and k are the refractive and absorption indi-

ces respectively, ε∞ is the high-frequency dielectric

constant, Δε the oscillator strength, and γTO is the

phonon damping constant [14]. By varying the pa-

rameters of each oscillator in order to obtain the best

fit of the theory to the reflectivity data, we obtained

accurate values of the TO-modes’ parameters ωTOj,

Δεj and γTOj. In Table 1 the typical parameters from

the analysis are presented.

The main difference between the reflectivity

spectra of TlSbSe2 crystal for E//b and E//a polariza-

tions is observed in the frequency region of

150–180 cm
–1

. Particularly, the strong oscillator in the

reflectivity spectrum for the E//b polarization is pre-

sented at ∼170 cm
–1

, while the respective strong oscil-

lator for the E//a polarization is slightly shifted towards

lower wavenumbers and appears at ∼160 cm
–1

. In both

cases, this mode – peak – is associated with the vibra-

tion of the Sb–Se atoms in the molecule and further-

more its strength is determined by the oscillation

within the layer of Sb–Se. Consequently, this observed

shift of the position of the strong oscillator in the re-

flectivity spectra for E//b and E//a polarizations, is at-

tributed to the difference between the interatomic dis-

tances of Sb–Se in the direction parallel to a, and paral-

lel to b. It is known from the X-ray results, that the in-

teratomic distance of Sb–Se is 9.13 �, when this bond

is parallel to a, and 4.10 � when this bond is parallel to

b. It is clearly seen that in the second case the length of

the bond of Sb–Se is shorter and therefore we observed

the position of the corresponding phonon at higher

wavenumbers [13].

A full temperature cycle of the material (heat-

ing-cooling), taken at a rate β=5 K min
–1

, is shown in

Fig. 5. At both curves a composite phase transforma-

tion with two thermal events (double peak) is ob-

served, with a significant hysteresis at the transforma-

tion temperature Tp (653–608 K). The main peak of

these two thermal events may be attributed to a struc-

tural displacement, while the smaller one is the result

of the cations exchange procedure. The cooling curve

describes the material transformation from the high

temperature phase (HT) to the partially ordered phase

(partially ordered, PO). When studying poly-

crystalline and monocrystalline TlSbSe2 with DTA,

Kiosse et al. [8] recorded one more transformation at

553 K which we did not observe at all. The main rea-

son for this is due to the fact that, different methods of

material production might lead to a metastable

orthorhombic structure of the material at room tem-

perature and, as a consequence, to a different thermal

behavior, as referred in the literature.

The temperature at which the phase transforma-

tion takes place depends strongly on the cooling rate

as it is observed in Fig. 6, where the exothermic DSC

cooling curves are given at various rates β (1, 2.5, 5

and 10 K min
–1

). It is observed that with the increase

of the cooling rate, the peaks are shifted towards
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Fig. 4 Reflectivity spectrum of TlSbSe2 crystal for E//b polar-

ization, fitted by a theoretical curve

Table 1 Oscillator parameters from fitting of reflectivity

measurements

Phonon ωTO/cm
–1

γτ/cm
–1

Δε

1
st

159 24.9 4.6

2
nd

134 16.0 2.6

3
rd

59 20.0 51.4

4
th

49 1.2 0.88·10
–2 Fig. 5 Cycle of heating and cooling with rate 5 K min

–1



lower temperatures (about 30 K). At the heating pro-

cess (Fig. 7), an increase of its rate causes a smaller

than in the cooling process shift (7 K) towards higher

temperatures. Therefore, this transformation is con-

cluded to be thermally stimulated and this fact was

not observed by Salk et al. [4]. Afterwards, the effect

of the successive thermal processes (i.e. heating up to

683 K and cooling down to 443 K) on the phase trans-

formation, was studied. Figures 8 and 9 show the

DSC curves of the material for the cooling and heat-

ing procedures respectively, at a rate of 7.5 K min
–1

.

The results are recorded for several cycles of heating

and cooling of the material. In the case of cooling

(Fig. 8) it is observed that as the number of the re-

peated cycles is increased, the peaks move to opposite

direction approaching to each other. So, while they

are far away from each other at first (1
st

cycle), at the

13
th

cycle they have already almost been overlapped.

The same behaviour is observed also during the

heating procedure (Fig. 9), with the peaks having

been completely overlapped after the 13
th

cycle.

Therefore, it is observed that the previous, repeated

heating and cooling cycles of the material influence

the transformation [15, 16].

From the thermal study of the material it is con-

cluded that the shape, the height, as well as the posi-

tion of the peaks of the endothermic and exothermic

phenomena depend on the heating–cooling rate and

on the previous, repeated heating and cooling cycles

of the material. From the elaboration of the DSC re-

sults it is found that the mean value of the transforma-

tion enthalpy is 5.7±0.2 kJ mol
–1

during heating and

4.2±0.2 kJ mol
–1

at cooling.

Conclusions

TlSbSe2 crystals that were grown by the Bridgman

method, were identified by XRD and TEM and were

found homogeneous and to belong to the monoclinic

system. The polarized reflectivity spectra for two di-

rections show the existence of a remarkable aniso-

tropy. Regarding previous observations, additional

peaks were observed as well as altered characteristics,

which are attributed to distinguished phonons the

number of which is not known with accuracy. The

main alteration observed in the polarized reflectivity

spectra is attributed to the difference in the length of

the Sb–Se bond, in the two directions. The DSC

curves for the heating and cooling, present a compos-

ite phase transformation with two thermal events. The

different heating and cooling rates cause the peak
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Fig. 6 DSC curves for different cooling rates β. 1: β=1,

2: β=2.5, 3: β=5, 4: β=10 K min
–1

Fig. 7 DSC curves for different heating rates β. 1: β=1, 2: β=2.5,

3: β=5, 4: β=10, 5: β=15, 6: β=20 K min
–1

Fig. 8 DSC cooling curves after different numbers of repeated cy-

cles: 1: 1
st

cycle, 2: 5
th

cycle, 3: 10
th

cycle, 4: 13
th

cycle

Fig. 9 DSC heating curves after different numbers of repeated cy-

cles: 1: 1
st

cycle, 2: 3
rd

cycle, 3: 5
th

cycle, 4: 13
th

cycle



shifts towards higher or lower temperatures respec-

tively, both being thermally stimulated. The succes-

sion of the heating–cooling cycles results in the grad-

ual shift of the two peaks to an opposite direction that

leads to an almost complete overlap of the two curves

after 13 cycles. This means that the previous repeated

heating and cooling cycles of the material influence

significantly the transformation.
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