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High-quality Sb,Tes microcrystals have been grown by the physical vapor transport (PVT) method
without using a foreign transport agent. The microcrystals grown under optimal temperature gradient
are well facetted and they have dimensions up to ~200 pm. The phase composition of the grown crystals
has been identified by the X-ray single crystal structure analysis in space group R—3m, a=4.2706(1),
b=30.4758(8) A, Z=3 (R=0.0286). Raman microspectrometry has been used to describe the vibration
parameters of Sb,Tes; microcrystals. The FWHM parameters obtained for representative Raman lines at
69 and 111 cm ! are as low as 5 and 8.6 cm ™', respectively.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Antimony telluride, Sb,Tes, is related to tetradymite-type crystals
with general composition A;B; (A=Bi, Sb; B=S, Se, Te) whose
crystal structure belongs to trigonal space group R—3m. For many
years, this telluride has been actively studied for very good thermo-
electric properties [1-4]. A wide range of the solid solutions and
composites based on Sb,Te; has been prepared and evaluated to see
and improve the structural, electrical and mechanical parameters
needed for industrial applications in thermoelectric devices [2,5-11].
Besides, for several recent years Sb,Tes has been of great interest
because of topological insulator properties [12-15]. The formation of
ABs crystals with high-quality structure is of prime importance for
comparative diagnostics of thin films and nanostructures fabricated
by epitaxial and chemical synthesis techniques [16-21]. It is well
known that low-defect crystals with dimensions up to the mm range
can be grown with the help of the physical vapor transport (PVT)
method, if vapor pressure of the source material is high enough at
growth temperatures [22-25]. Typically, the vapor transport grown
microcrystals are well facetted, and, specifically for tetradymite
family compounds, the plate-like crystals with the atomically flat
(0001) surface can be grown [21,24-28]. In the present study, the
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Sh,Tes microcrystals are grown by the physical vapor transport
(PVT) method, and the structural and vibrational properties of the
microcrystals are explored.

2. Experimental

High purity (4 N) elementary Sb and Te were used for the charge
preparation. The growth experiment was performed in a fused silica
ampoule of 15 mm in diameter and 300 mm long, initially etched with
HF-HNOs acid mix and rinsed with bidistilled water. The element
charge of 15 g weighted in stoichiometric composition of Sb:Te=2:3
was fused in the ampoule sealed at residual pressure ~ 10~ bar. The
sealed ampoule was placed in a single zone horizontal furnace to
obtain the synthesized Bi,Te; compound by the technique described
elsewhere [29]. After synthesis, the ampoule was inclined so that the
melt was located in the high temperature part of the ampoule, while
the opposite end was at the temperature below the melting point of
Sb,Te; (902 K). The Sb,Te; melt was taken as a vapor source because,
earlier, it was reported that, at low source temperatures T < 400 °C, the
tellurium nanocrystals are growing instead of Sb,Tes because of
tellurium dominance in the vapor [27]. Besides, the equilibrium vapor
pressure over solid Sb,Tes is comparatively low, and vaporization
appeared by molecular forms of Sb,Te,, Te, and SbTe [30]. Using
Sh,Te; melt as a source increases the total vapor pressure and provides
the parallel evaporation of Sb and Te, supposedly, in atomic forms.


www.sciencedirect.com/science/journal/00381098
www.elsevier.com/locate/ssc
http://dx.doi.org/10.1016/j.ssc.2013.09.016
http://dx.doi.org/10.1016/j.ssc.2013.09.016
http://dx.doi.org/10.1016/j.ssc.2013.09.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssc.2013.09.016&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssc.2013.09.016&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssc.2013.09.016&domain=pdf
mailto:atuchin@isp.nsc.ru
http://dx.doi.org/10.1016/j.ssc.2013.09.016

KA. Kokh et al. / Solid State Communications 177 (2014) 16-19 17

The precipitation of microcrystals occurred in the opposite part of the
ampoule located in the cold zone (~820 K). The growth experiment
lasted for ~20 h. Then, the furnace was slowly cooled down to the
room temperature at the rate of 20 K/h and the ampoule was cracked
to get the silica pieces covered with Bi;Te; microcrystals. The resulting
PVT-grown dark plate-like crystals were up to 1 mm in size.

Micromorphology of the crystals formed on the ampoule walls
was observed by SEM using LEO 1430 device. The microplates
grown were well facetted. Chemical composition of the micro-
plates was estimated with EDX measurements. The phase compo-
sition of grown crystals was identified by X-ray single crystal
structure analysis. X-ray intensity data were collected on a Bruker
X8Apex CCD diffractometer using standard techniques (®- and -
scans of narrow frames) and corrected for absorption effects
(SADABS) [31]. The structure was solved with direct methods
[32] and refined by full-matrix least-squares on F? using the
SHELX97 program set [33]. Crystallographic data and details of
single crystal diffraction experiments for the compound are given
in Table 1. All atoms were refined anisotropically (Table 2).

Room temperature Raman scattering experiment was carried
out in back-scattering geometry with a triple grating spectrometer
TriVista 777 under illumination by the lines of 1=532 nm of
a solid-state laser and A=633 nm from He-Ne laser. An achro-
matic lens with the focal length of 60 mm was used for focusing
laser beam and collecting scattering light. The low laser power
of 15 mW was used, and it was verified that, under the conditions
of our focusing system, this power does not affect the sample.
Wavelength scale calibration of the spectrometer was produced in

Table 1
Crystal data and structure refinement for Sb,Tes.

Empirical formula Sb,Tes
Formula weight 626.30
Crystal system Rhombohedral
Space group R—3m

Unit cell dimensions a=4.2706(1) A

€=30.4758(8) A

y=120°
1% 481.35(2) A3
z 3
Density (calculated) 6.482 mg/m>
Absorption coefficient 21.639 mm~'
F(000) 774

0.22 x 0.16 x 0.02

Theta range for data collection 5.67°-32.57°

Index ranges —6<h<3,-7<k<6,-45<1<45
Reflections collected 1929

Independent reflections 265 (Rint=0.0548)
Completeness to =25.00° 95.7%

Max. and min. transmission 0.649 and 0.022

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 265/0/10

Goodness-of-fit on F2 1161

Final R indices (I > 2a) R;=0.0286, wR,=0.0701

R indices (all data) R;=0.0289, wR,=0.0707
Extinction coefficient 0.0197(12)

Largest diff. peak and hole 2.211 and —1.789 e/A®

Crystal size

Table 2

Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A? x 10°) for Sb,Tes. Ueq is defined as one-third of the trace of the orthogonalized
Uj; tensor.

Atom X y z Ueq

Sh(1) 0 0 3986(1) 18(1)
Te(1) 0 0 0 12(1)
Te(2) 0 0 7878(1) 14(1)

reference to the spectrum of a neon-discharge lamp. The spectral
resolution during measurements was ~2.5 cm~! (FWHM). Raman
spectra were recorded without polarization selection. Experimen-
tal spectra were corrected for the dark count contribution and for
the contribution of low-frequency Raman scattering from the air.

3. Results and discussion

The SEM images of grown crystals are shown in Fig. 1. The
individual druses of well-facetted plate-like crystals were found on
the internal surface of dissected silica ampoule. As a rule, the druses
were clamped to the ampoule wall by a small area bottom spot and
can be easily separated without damage. The selected plate crystals
were as large as 50-200 pm in diameter. As is evident from Fig. 1(b),
the growth proceeds by layer-by-layer mechanism with the forma-
tion of flat low-growth-rate facets. This is typical growth behavior
for the layered structure crystals with high volatility [25,26,34-36].
The EDX measurements made for three crystals yield the element
content ratio Sb:Te=0.68-0.70 that is in good relation with nominal
composition Sb:Te=0.67 of Sb,Tes. Thus, the micromorphology and
element content in the microplates verify the formation of Sb,Tes
crystals.

To reveal the phase composition of the grown crystals, the
crystal structure was determined for selected facetted microcrystals.

a
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Fig. 1. SEM images of (a) individual Sb,Te; crystal clamped on the adhesive tape
surface and (b) echelons of the growth terraces.
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The crystallographic data and details of single crystal diffraction
experiments produced for Sb,Te; are given in Table 1. The atomic
coordinates are given in Table 2. The values shown in Table 2 are in
good relation with the earlier results reported for Sb,Tes [37,38].
The layered crystal structure of Sb,Tes is illustrated in Fig. 2 [39].
The unit cell parameters available in literature for Sb,Tes are
collected in Table 3. A comparatively narrow possible variation
range ~0.2% is found for parameter a. Contrary to that, the variation
of parameter ¢ may be as high as 2% depending on the sample
preparation and real defective structure. It should be pointed,
however, that the strong variation of parameter c is governed by
very low value obtained in Ref. [38]. Excluding this result, the
possible variation range of parameter c is also as narrow as ~0.2%.
So, the unit cell parameters of Sb,Te; seem to be relatively stable in
reference to the defect formation.

An example of Raman spectrum recorded from a microcrystal
studied under the excitation at A=633 pum is shown in Fig. 3.
The lines observed at 69, 111 and 165 cm ™" are well related to A;g
and E; modes of Sb,Te; [21,41-43]. The apparent line width of the
modes at 69 and 111 cm~ ! is 5 and 8.6 cm !, respectively (FWHM,
without correction to the spectral width used in the experiment).
The dominance of the lines at 83, 117, 139, 190 and 254 cm™!,
however, was found when the light at A=532 nm was used for
the excitation at a higher power. The spectral features at 83,
117, 139 cm ™! can be attributed to tellurium segregated at the
surface [44,45]. The lines at 190 and 254 cm~! seem to be related

Fig. 2. (Color online) Crystal structure of Sb,Tes. The unit cell is outlined. Lone
atoms are omitted for clarity.

Table 3

Unit cell parameters of Sb,Tes.
a(A) c (A) Ref.
4.275 30.490 [5]
4.264(1) 30.4580(70) [37]
4271 29.877 [38]
4.2654 30.4438 [40]
4.2706(1) 30.4758(8) This study
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Fig. 3. (Color online) Raman spectrum recorded under excitation at A=633 pm.

to Sb,03 [44]. Thus, a strong modification of the Sb,Tes surface is
possible under short-wavelength laser illumination.

4. Conclusions

Thus, the sublimation of Sb,Tes melt in vacuum can be success-
fully used for fabrication of high-quality plate like Sb,Tes single
crystals with the dimensions large enough for detailed observation
of physical properties of this technologically valuable telluride. The
crystals are of high structural quality and have a developed (0001)
surface suitable for physical parameter measurements as it is verified
by single crystal structure analysis and Raman scattering experiment.
Thus, such Sb,Tes microcrystals can be used as a reference for the
comparative observation of ShsTes-based films and nanostructures
including doping systems.
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