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Abstract

The usefulness of microwave heating and microwave plasma generation for solid—
state synthesis of ZnTe and Sb,Tes crystals is reported. In order to achieve pure products
heated by the «oo W microwave plasma, different molar ratios of solid powders and lengths
of time were varied. In this research, the phases were characterized by X-ray diffraction
(XRD), and were in accordance with those of the simulations and selected area electron
diffraction (SAED). Raman spectroscopy, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) showed that the products were nanocrystals with different
orientations, including three longitudinal optical (LO) vibrations at wo&, €®@o and Do cm’’
and a transverse optical (TO) vibration at @%% cm_1 for ZnTe, and four Raman shifts at een.ev,
@0, eme’. o and woe.ev e’ for SbyTes. The green emissions of ZnTe nanocrystals were
characterized by luminescence spectrophotometer, including the o.enco—o.&e& €V energy

gaps (Ey) of Sb,yTes by UV-visible spectrometer.
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The usefulness of microwave heating and microwave generation of plasma for solid-state synthesis of ShTes crystals is reported. Lengths of
time and molar ratios of Sb:Te were vared to achieve pure products heated by a 900 W microwave-irradiated plasma. In the present research,
the products were Sh, Te, with a thombohedral crystal system using 2:2, 2:1.75 and 2:1.5 molar ratios of Sh:Te, and lengths of time of 10 and
20 min. Their different crystallographic planes were also detected, including four Raman shifis at 939, 102.6, 1392 and 263.7 cm ™', and

direct energy gaps (E,) in a range of 0.340-0.515 eV.

1. Introduction: Recently, antimony telluride (SbyTe;) has
received considerable attention as a semiconducting material of
interest for use in optoelectronic and thermoelectric devices
[1, 2], which are influenced by the energy bandgap. Antimony
telluride is considered to be one of the best candidates for
semiconducting applications based on current technology.
Previously, Sb,Te; crystals with different morphologies were suc-
cessfully synthesised by chemical solution routes: hexagonal nano-
plates by a facile hydrothemal/solvothermal approach [2, 3], and by
refluxing synthesis using microwave radiation [4]; and nanobelts by
hydrothermal synthesis [5].

Microwave radiation (2.45 GHz) is well known to be coherent
and polarsed [6]. This radiation is able to couple with atomic
materials, causing them to heat up very rapidly. In terms of inter-
action with microwave iradiation, materials are classified into
three groups: reflectors (bulk metals and alloys), transmitting
materals (fused-silica and fluoropolymers) and absorbers (inor-
ganic materials, powdered metals, metal oxides and metal halides)
[7]. Our motivation here was to investigate the structure and energy
bandgap (Ey) of antimony telluride, synthesised by a solid-state
microwave plasma process.

2. Experiment: Sb and Te powders ( puram, analytical grade, Fluka)
for experimental synthesis were used without further purification.
Different molar ratics of Sh:Te (2:3, 2:2.25 2:2, 2:1.75 and 2:1.5)
were loaded into 11 mm LD. x 100 mm-long silica mbes. Each was
then placed in a horizontal quartz tube (Fig. 1), which was tightly
closed and evacuated to 43 + 1kPa absolute pressure. Argon was
gradually fed into this quarz tube. Evacuation was repeated three
times. Finally, each solid mixture was heated by a 900 W irradiated
microwave plasma for 10, 20 and 40 min at 43 + 1 kPa absolute
pressure, and left to cool down to room temperature.

Products were characterised and recorded on a Philips X Pert
MPD X-my diffractometer (XRD) equipped with a graphitic mono-
chromator of Cu-K, mdiation (A = 0.154056 nm), using a scanning

rate of 0.02 deg/s over the 2 #range of 10-60°. Raman vibrations of
the products were detected by a HORIBA JOBIN YVON T64000
Raman spectrometer with 30 mW and 632.8 nm (red) wavelength
He-Ne laser. Field-emissi i 1 microscopic
(FESEM) image was taken by a JEOL JSM-6335F opemated at
15.0 kV beam energy. Transmission electron microscopic (TEM)
images, and selected area electron diffraction (SAED) patterns
were taken on a JEOL JEM-2010, employing at an accelerating
voltage of 200 kV. Ultraviolet (UV)-visible spectra were carmried
out by a Lambda 25 spectrometer using UV lamp with the resol-
ution of 1 nm at room temperature.

3. Results and discussion: XRD spectra (Fig. 2) of the products
synthesised using 900 W microwave plasma (at different molar
mtios of Sb:Te and lengths of time) were compared with the
JCPDS database [8]. At a 2:3 molar ratio of Sbh:Te, for 10 and
20 min, the products were SbyTey (JCPDS no. 15-0874) containing
some Te residue (JCPDS no. 36-1452). This residue still remained
in the product, even after lengths of time as long as 40 min. The
amount of Te was reduced in a series of steps until — at 2:2,
2:1.75 and 2:1.5 molar ratios of Sh:Te, with lengths of ime of 10
and 20 min — the products were Sbh,yTe,, without any residual detec-
tion. At these stages, Sb and Te had completely combined together
chemically to form Sb,Te, with a thombohedral crystal system and
R-3 m space group [#]. During microwave plasma heating, some of
the Sb and Te could evaporate as well.

In the present research, approximate crystallite sizes (L) of
Sh,Te, crystals synthesised under different conditions were calcu-
lated using the Scherrer formula [9]

Ak

L=—r 1
Bcos 0 M

where A, 8, k and B are (respectively): the wavelength of Cu-K.
radiation (0.154056 nm); Bragg angles of the (015) peaks; a

pressure guage

lzak vakve

pressure guage

samplg

VACUUM pump
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Figure 1 Schematic diagram of the apparatus used for the 8b;Te; synthesis
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Figure 2 XRD spectra of the products synithesised using 900 W microwave
plasma ar different molar ratios of Sh:Te

a For 10 min

b For 20 min

constant (0.90) and full widths at half maximum of the peaks.
Calculated crystallite sizes of SbaTes crystals synthesised by the
900 W microwave plasma at different molar ratios of Sb:Te and
lengths of time are shown in Table 1. The crystallite sizes increased
by 28—43% by increasing the lengths of time from 10 to 20 min
with the microwave power remaining at 900 W; sizes increased
by 27% and 36% by changing the Sb:Te molar ratios from 2:1.50
to 2:2 with the lengths of time remaining at 10 and 20 min, respect-
ively. These results implied that the molar ratios and lengths of reac-
tion time played key roles in the phase and crystallite sizes of
ShaTe; crystals.

Intensity. a.u
infensity. a.u.

Table 1 Crystallite sizes, and direct energy bandgaps of Sh,Te; crystals
synthesised at different Sh:Te molar ratios and lengths of time by 900 W
microwave plasma

Sh:Te molar ratio  Length of time, min ~ Crystallite size, nm  E,, eV

2:1.50 10 85.8 0515
2:1.50 20 110.0 0515
2:1.75 10 8R.8 0515
2:1.75 20 1273 0515
22 10 1092 -

22 20 150.1 0.340

To further ascertain the presence of Sb,Te,, the products were
characterised using Raman spectroscopy. Fig. 3 shows four
Raman shifts of Sh,Te, crystals at 93.9, 102.6, 139.2 and
263.7cm” . These peaks are in good accordance with those of
pure SbaTes chamcterised by Zheng e al. [10]. Compared to a
30 mW He-Ne laser with 632.8 nm (red) wavelength, a great deal
of energy was lost during Raman analysis, caused by the inelastic
scattering process.

SAED patterns (Figs. 4a, b, d and g) of the products, synthesised
under different conditions, are composed of several concentric rings
of diffuse spots caused by the diffraction of transmitted electrons
through a number of crystals with different orientations. These
interpreted patterns [11] were in accordance with a rhombohedral
ShaTes crystal system [8]. It should be noted that no detection of
Te was found in the SAED pattern for a 2:2.25 molar ratio of
Sh:Te and 20 min (Fig. 4g), although the residue for this same con-
dition was detected by XRD (result not shown). Its concentration
could be too low to be detected by the analysis. A typical
example of a SEM image of Sb,Te;, produced from a 2:1.5
molar ratio of Sb:Te for 20 min, is shown in Fig. 4c. This product
is composed ofa number of nanocrystals with different orientations.
A number of crystallographic planes with different orientations of
different products (Figs. 4e, L & and i) were also detected by
high-resolution TEM (HRTEM). Their spaces correspond to those
of the JCPDS database for a thombohedral Sb:Te; crystal system
[8], showing the presence of crystals with different orientations
composing the polycrystalline products. Compared with synthesis
by other methods, there are some differences in Sb,Te, products:
hexagonal nanoplates by hydrothermal/solvothermal reactions

inensity, a.u.

raman shifts, em-?
a

intersity, a.u
mangEty, A,

50 w00 %0 00 280 300 380 S0 00 150 200
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Figure 3 Raman spectra of Sh;Te; svnthesised using 900 W microwave plasma for different molar ratios of Sh:Te and lengths of time

a 2:1.5, 10 min
b 2:1.5, 20 min
¢ 2:1.75, 10 min
d 2:1.75, 20 min
e 2:2, 20 min

f 2:225, 20 min
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[2, 3], microwave-assisted synthesis [4] and aerosol-assisted chemi-
cal vapour deposition [12]; nanobelts by a hydrothemal process
[5]; nanowire arrays using a porous anodic alumina membrane
as a template by electrochemical deposition [13]; single-crystal
nanowires by vapor—liquid—solid method [14]; films produced in
a dense plasma-focused device [15]; thermal evaporation [16] and
nanostructures (nanowires, nanobelts and nanotubes) by the
vapour-transport method [17]. These analyses prove that synthesis
methods, starting reagents, pH values, templates and other factors
can play roles in product morphologies.

Fig. 5 shows the [ar}w]2 and (hv) plots for the direct allowed tran-
sition, where e, h and v are (respectively) the total absorption coef-
ficient, Planck constant and photon frequency [18—20]. The change
of absorption was controlled by two photon energy (hv) ranges —
the high and low energies. When the photon energy was greater
than the energy bandgap (E,), absorption linearly increased with
increasing photon energy. However for photon energy less than
E,, the absorption differed from the linearity; this was caused by
the dominant electronic absomption relating to defect levels
between the valence and conduction bands of these products. The
direct energy bandgaps were determined by extrapolating the
linear parts of these curves to « =0, at which the absorption
went to zero with a range of 0340-0.515eV (as shown in
Table 1). These direct bandgaps are in accordance with those in
the 0.29-046 eV mange for SbsTes nanofilms with a thickness
between 61.2 nm (35 min deposition) and 4.1 nm (10 min depo-
sition) as determined by Erdogan and Demir [21], and 042V
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for the 400-cycle SbyTe, film (190 nm thick) as determined by
Yang ef al. [22]. In the case of the last product (2:2 molar ratio
of Sb:Te for 20 min), the E, was reduced to be 0340eV.
Possibly, undetectable impurities/residues existed in the product.
These direct bandgaps are the fundamental parameters used to
control the optoelectronic and thermoelectric properties of SbaTe;
crystals. In general, the energy bandgap was influenced by the pro-
cessing syntheses, morphologies, average crystallite sizes and
degrees of structural order—disorder. Some defects could form in
the crystalline lattice during synthesis. This promoted the presence
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Figure 5 () against () plots of SbyTes, swmihesised at different Sb: Te
molar ratios and lengths of time by 900 W microwave plasma
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of intermediate levels between the valence and conduction bands,
which can play a role in the bandgap of the products, as well as in
their optoelectronic and thermoelectric properties.

4. Conclusions: SbyTe; with a thombohedral crystal system was
successfully sy ised by an envirg lly benign process
with a short reaction time using a 900 W imradiated microwave
plasma. At 2:2, 2:1.75 and 2:1.5 molar ratios of Sb:Te, with time
lengths of 10 and 20 min, the products were pure SbsTes; phase
with no detection of any residue. Their four Raman shifis were at
93.9, 102.6, 139.2 and 263.7cm™ ', and the direct energy gaps
were determined to be 0.340-0515 eV.

5. Acknowledgment: We wish to give thank the Thailand’s Office
of the Higher Education Commission for providing financial
support through the National Research University Project.
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Solid-state Microwave Induced Plasma Synthesis of
Antimony Telluride

Tawat Suriwong', Titipun Thongtem®, Somchai Thongtem"’

Abstract- The utility of microwave heating and microwave
generating of plasma as a synthetic technique toward the
synthesis of ShyTey is reported. The solid-state microwave
svnthetic method was studied the effects of irradiation
times and cycles, and molar ratio of Sh:Te at a 900 W
irradiated microwave power in order to determine phase
purity of the reaction products. X-ray powder diffraction,
field-emission  scanning and  transmission  electron
microscopic, including Raman spectroscopic techniques
were used to investigate their phase, structures, surface
morphologies and vibration characteristics. Their optical
propertics  were  also  investigated by UV-vis  and
luminescent spectrophotometries.

BACKGROUND

Solid-state reactions are ofien processed by extremely long
reaction times, controlled by slow diffusion rates in solid
phases [1]. Our motivation is to develop solid-state microwave
synthesis, which stems from the fact that microwave irradiation
can offer several advantages over conventional heating
techniques:  traditional and high-temperature solid-state
syntheses [2]. Microwaves are coherent and polarized and
couple effectively with materials. Their primary actions are
very rapid. However, both physical and chemical
characteristics of species (e.g particle sizes and reaction
enthalpy) seem to be affected by microwave coupling and
hence microwave heating [3].

Previously, antimony telluride has been prepared using
solvothermal synthesis [4], high temperature solid-state
synthesis [5] and solid-state microwave synthesis [6]. In this
paper, the first solid-state microwave synthesis of SbyTe; are
presented. Reaction variables of this method are identified and
discussed in literature. For the present research, two reaction
variables for the solid-state microwave synthesis of Sb,Te;
were investigated, irradiation times and molar ratios of Sh:Te
at a 900 W irradiated microwave power. All products were
characterized wusing X-ray powder diffractometer, field-
emission scanning and transmission electron microscopes,
including Raman, UV-vis and luminescent spectrophotometers.
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MATERIALS AND METHODS

To synthesize Sb,Te; using microwave as a heating source
is to irradiate the microwave radiation on mixtures of antimony
and tellurium powders (Fluka, purum). Different molar ratios
of these powders were mixed and contained into a silica tube
with 12 mm inner diameter and 2 mm wall thick. The sample
was placed horizontally into a quartz tube in a 2.45 GHz
microwave cavity (Fig. 1) under vacuum pressure of 4.3x1
kPa. The powders were heated under plasma at 900 W
irradiation for 10, 20, 30 and 40 min. At the conclusion of the
microwaving, the samples were cooled down to room
temperature and removed from the microwave oven for further
analysis. Crystallinity and phase purity of the prepared samples
were analyzed by X-ray diffractometer (Bruker D8 Advance)
with CuKa radiation (A = 0.15406 nm) operating at 40 kV-30
mA in the 20 range of 10- 60. Their morphologies and
particle sizes were determined by a FE-SEM (JSM-6335F),
operated at 15 kV accelerating voltage, and TEM (JEOL JEM-
2010) operating at 2000 kV. Raman spectrometer ((HORIBA
JOBIN YVON T64000) operated at 50 mW Ar laser with A =
514.5 nm at room temperature. The emission spectra were
measured by Perkin Elmer luminescence spectrometer LS508B,
and the absorption spectra by UV-vis Perkin Elmer
spectrophotometer model Lambda 25.

CURRENT RESULTS

Fig. 2 shows a typical 2-theta XRD spectrum of Sb:Te;. The
diffraction peaks were interpreted as rhombohedral Sb,Te;
structure (JCPDS No. 15-0874, R-3m) [7]. The Raman
spectrum of Sb,Te; is displayed in Fig. 3. Its peaks at 93.85,
120.583, 139.227 and 263.72 cm’' were detected. These
Raman shifts are in good accordance with those obtained by
Zheng et al. [8] and Krost et al. [9]. SEM image of the products
1s shown in Fig. 4. Morphology of Sk,Te; is composed of
particles with its sized range of 50-120 nm. SAED pattern (Fig.
5.) of the Sb,Te; products appears as concentric rings of bright
spots, showing that this product was composed of a number of
crystals with different orientations. The spaces between
adjacent planes were calculated using diameters of the
diffraction rings [10], and were found to be in accordance with
those of the JCPDS database [7].
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