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ABSTRACT: Doped Sb2Te3 narrow-band-gap semiconductors have been attracting considerable attention for different electronic
and thermoelectric applications. Trivalent samarium (Sm)- and indium (In)-doped Sb2Te3 microstructures have been synthesized by
the economical solvothermal method. Powder X-ray diffraction (PXRD) was used to verify the synthesis of single-phase doped and
undoped Sb2Te3 and doping of Sm and In within the crystal lattice of Sb2Te3. Further, the morphology, structure elucidation, and
stability have been investigated systematically by scanning electron microscopy (SEM), Raman analysis, and thermogravimetric
analysis (TGA). These analyses verified the successful synthesis of hexagonal undoped Sb2Te3 (AT) and (Sm, In)-doped Sb2Te3
(SAT, IAT) microstructures. Moreover, the comparison of dielectric parameters, including dielectric constant, dielectric loss, and tan
loss of AT, SAT, and IAT, was done in detail. An increment in the electrical conductivities, both AC and DC, from 1.92 × 10−4 to
4.9 × 10−3 Ω−1 m−1 and a decrease in thermal conductivity (0.68−0.60 W m−1 K−1) were observed due to the doping by trivalent
(Sm, In) dopants. According to our best knowledge, the synthesis and dielectric properties of (Sm, In)-doped and undoped Sb2Te3
in comparison with their electrical properties and thermal conductivity have not been reported earlier. This implies that appropriate
doping with (Sm, In) in Sb2Te3 is promising to enhance the electronic and thermoelectric behavior.

1. INTRODUCTION
It has been well reported that different electronic properties
can be induced in chalcogenides by doping different metals.
The resulting semiconductor chalcogenides with nano and
microstructures have been employed in different applications
such as optoelectronics, supercapacitors,1 and thermoelectric
(TE),2,3 and photoelectric devices.4 Among these semi-
conductors, antimony telluride (Sb2Te3) is a well-studied
chalcogenide for many emerging applications, including
thermoelectric,5 thermopile sensors,6 phase-change memory
devices,7 and electronic appliances.8 Moreover, antimony
telluride (Sb2Te3) is a narrow-band semiconductor and is
considered an outstanding material for thermoelectric
applications at room temperature.9 Thermoelectric properties
predominantly depend on the electric and thermal behavior of
the material.10 Up to now, different strategies, including
composite formation,11 doping,12 and synthesis of sandwich
structures,13 have been employed to improve the electric and

thermal properties of Sb2Te3 for thermoelectric applications.
Among all of these methods, the addition of dopants is a
convenient and facile approach to get the required proper-
ties.14 Recently, doping by various dopants such as Ag,15 Se,16

W,17 and V18 in Sb2Te3 films has been reported for enhanced
thermoelectric and phase-change memory applications. Bi-
doped Sb2Te3 films have been reported by Fan and his co-
workers. They investigated the effect of Bi doping on the
structural and thermoelectric properties of Sb2Te3.

19 Sulfur-
doped Sb2Te3 has also been explored theoretically13 and
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experimentally20 for enhancing the electrical properties of
Sb2Te3. To date, although addition of various dopants in
Sb2Te3 structures has been reported and their effect on
different properties has been investigated, doping of rare earth
elements and group III A has not been much explored. We
have chosen samarium (Sm) and indium (In) as dopants, as
considerable work has been done to study their effect on
various properties as dopants in different materials except
Sb2Te3.

22,23 During the last decade, trivalent Sm-doped Fe2O3
nanomaterials have been prepared and studied for improved
magnetic and supercapacitive applications.23 Furthermore,
samarium as dopant also exhibits improved electronic,24

photocatalytic degradation under visible light24 and solar cell
applications.25 In addition, Sm+3-doped chalcogenides, includ-
ing Se95Te5,

26 As-Se-Te,27 and As-Se-S,27 have been prepared
and studied for better thermal stability and ultra-fast phase-
changing memory devices. Similarly, In as dopant has been
well explored as a photocatalyst,28 and for photovoltaic,29

photoelectrochemical,30 and electrochemical properties,31 as
well as for enhanced gas-sensing application.32,33 Moreover,
different In-incorporated chalcogenides like Se-Te-In,34

GeTe,35 and Cu-Cr-Se36 have been studied in detail for their
superior thermoelectric and optoelectronic properties. Differ-
ent approaches including electrodeposition,37 magnetron
sputtering,38 solid-state reaction method,16 and solvothermal
method13 have been developed for synthesis of doped Sb2Te3
materials. In this study, solvothermal is the approach of choice
because of it being economic, handy, and of better yield.

As is noticeable from literature, Sm and In as dopants have
imparted a considerable impact on the properties of different
materials, particularly chalcogenides, but the synthesis of Sm
and In-doped Sb2Te3 microstructures and their effect on
electrical and thermal properties have never been described
previously. Consequently, the aim of this work is to present the
synthesis of Sm-doped Sb2Te3 (SAT) and In-doped Sb2Te3
(IAT) microstructures by the convenient solvothermal
approach and further elaborate the effect of Sm and In
addition as dopants on the electrical and thermal properties of
Sb2Te3 microstructures. Moreover, the prepared materials have
been characterized by powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM), energy-dispersive spec-
troscopy (EDS), Raman spectroscopy, and TGA, while the
electrical behavior, thermal conductivity, and other related
parameters of all of the synthesized materials have also been
explained thoroughly.

2. RESULTS AND DISCUSSION
X-ray powder diffraction data was obtained for as-casted and
dried samples using a Bruker D8 advanced system with Cu Kα1
monochromatic radiation (λ = 0.1542 nm) and 2θ values of
25−70° at 40 kV. The powder diffractograms were compared
using the PDF database given by ICDD for preliminary phase
confirmation. A visual comparison of the powder patterns has
been done by utilizing the Origin software.31 To find out the
morphologies, structural hierarchy, and elemental composition
of the materials, SEM by electron probe microanalysis
(EPMA) using a TESCAN VEGA 3 LMU equipped with an
EDX system operated at 10 kV was employed over the samples
coated by standard procedures. The vibrational structural
aspects of the prepared materials were investigated by Raman
analysis using μ-Raman-532 TEC-Ci. A small amount of
thoroughly grinded powder was placed on a glass slide for
analysis. The thermal behaviors of doped and undoped Sb2Te3

were studied by TGA using a DTG-60H simultaneous DTA-
TG system by SHIMADZU, fitted with an alumina crucible,
with ±0.005% accuracy. The sample holder containing the
sample was thermally treated from 298 to 973 K at the rate of
10 K min−1 under ambient dinitrogen. The material was
pelletized by a hydraulic press at a pressure of 1000 Pa and
these pellets were annealed at 523 K for 3 h. Afterwards, their
dielectric behavior was measured by an LCR meter (Wayne
Kerr 6440B); DC analysis was performed from 300 to 500 K
by employing a two-probe system. The same pellets were used
for temperature-dependent (298−393 K) thermal conductivity
measurements by using a thermal constant analyzer (TPS 2500
S). The transient plane source technique is an advanced and
effective method for studying the thermal transport properties
of materials by considering the sample both as a heat source
and as a temperature sensor.39−41 This method based on three-
dimensional heat flow in the sample is used to calculate the
different thermal transport parameters by fitting of exper-
imental data.
2.1. Powder X-Ray Diffraction (PXRD). The powder

PXRD patterns of prepared Sb2Te3 (AT), Sm-doped AT
(SAT), and In-doped AT (IAT) samples are provided in
Figure 1. The PXRD peaks of AT show the formation of a

rhombohedral phase (JCPDS file no.: 01-071-0393)25,26 with
space group (no:166) R3̅m. Comparable XRD patterns of
Sb2Te3 have also been reported by Shi et al. for nanoplates42

and by Dong et al. for other nanoforms.43 Furthermore, the
variation in position (2θ values of 0.25−0.5) of the peaks by
addition of Sm and In verifies the substitution of dopants
within the lattice of Sb2Te3. The broadness of peaks was
observed along (015), (107), (1010), (0111), (116), and
(0018) in the case of SAT, which may be due to the formation
of smaller grains by the addition of Sm. A peak shift is evident
due to enhanced lattice parameters as a result of Sm (1.098 Å)
doping instead of Sb (0.9 Å) in the lattice. In the case of IAT,
the atomic radius of In (0.94 Å) was responsible for the peak
shift and the obvious peak broadening was due to decrease in
crystallinity; the smallest crystallite size of IAT among all the

Figure 1. PXRD patterns of (a) AT (black), (b) SAT (red), and (c)
IAT (blue) compared with JCPDS card no. (01-071-0393). For all of
the three XRD patterns, different hkl lattices at the corresponding
peaks are added.
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three samples is shown in Table 1. It may be because of the
substitution of In within the crystal lattice of Sb2Te3 leading to

deformation of the hexagonal structure and suppressing the
growth of crystallites. For both SAT and IAT, a precise test for
intermetallic secondary phases such as SmSb, SmTe, InSb, and
InTe has been carried out; none was noticeable except the
desired Sb2Te3. Moreover, there is no oxide and unreacted
tellurium impurity phases have been observed in XRD after
annealing of the prepared chalcogenide samples at 753 K
under a H2/Ar mixture, as shown in Figure 1.

The crystallite grain sizes of doped and undoped Sb2Te3
microstructures were also calculated for major XRD peaks by
using Scherrer formula44 as given below

D
B
0.94

cos
=

where 0.94 is a constant, λ is the wavelength of the incident X-
ray, i.e., 0.1542 nm, B is the full width at half-maxima
(FWHM), and θ is Bragg diffraction angle (radians). The
calculated values of crystallite grain size of all prepared
microstructures are provided in Table 1. The decrease in
crystallite size was observed in SAT and IAT, which indicates
that the dopants restrict the growth of grains and consequently
reduce the grain size.38

2.2. Morphological and Elemental Analysis. The
structural and elemental analyses of the prepared samples
have been carried out by SEM equipped with EDS. Figure 2
shows the images of prepared pristine Sb2Te3- (Figure 2a),
Sm- (Figure 2b), and In-doped (Figure 2c) Sb2Te3 micro-
structures. Figure 2a shows the rod-like growth of pure Sb2Te3;
however, Sm-doped Sb2Te3 shows the formation of hexagonal
discs of agglomerated particles, while indium-doped Sb2Te3
shows a mixed morphology of hexagonal discs and rods. This
confirms that different dopants cause the nucleation and
growth process in different fashions and lead to variation in
crystallite size, particle size, and morphology, as is evident from
the XRD results, which show that doped Sb2Te3 has smaller
crystallite size than the undoped one.45 Smaller grains or
crystallites have less surface free energy, which assists the
agglomeration and enhances the nucleation, and hence they
tend to grow in larger particles, as observed in the case of SAT,
where hexagonal discs were formed. However, in the case of

IAT, both hexagonal and rod-shape morphologies were found.
Although the crystallite size of In is the smallest (42 nm) and
leads to the formation of larger hexagonal discs similar to SAT,
as discussed in Section 2.1, the atomic radius of In is smaller
than Sm and comparable to Sb, which could suppress the
nucleation and lead to the preferential growth of rods, as
observed in the AT microstructures provided in Figure 2a.

Moreover, EDX analysis confirms the uniform distribution
of dopants within the flakes of Sb2Te3. The quantitative atom
% of dopants in the Sb2Te3 microstructures obtained from
EDX analysis is shown in Table 2. Furthermore, EDS results
also revealed the presence of some oxygen impurity, which
might be due to the adsorbed oxygen in the vacancies of the
microstructures.

2.3. Raman Spectroscopic Analysis. Raman spectrosco-
py was used to elucidate the vibrational structure of
chalcogenides via phonon interactions. The Raman spectra of
the pristine Sb2Te3 microstructure, SAT, and AT in the range
of 100−300 cm−1 are provided in Figure 3. The Raman active

phonon vibrations of Sb2Te3 microstructures are observed at
108, 119, 135, and 162 cm−1, which correspond to A1g (1), Eg
(1), A1g (2), and Eg (2) modes, respectively.21,30 Further,
Figure 3 also depicts that IAT microstructures show a
phenomenon of blue shift for Raman active modes of
Sb2Te3. But in the case of Sm doping, a red shift was observed
for Sb2Te3 Raman active vibrational bands. The phenomena of

Table 1. Average Crystallite Sizes of Doped and Undoped
Sb2Te3 Calculated by Scherrer Formula

sample microstructures
average crystallite grain

size (nm)
peak position 2θ

(degree)

AT Sb2Te3 72 28.34
SAT Sm-doped

Sb2Te
68 28.28

IAT In-doped
Sb2Te3

42 28.51

Figure 2. SEM micrographs of prepared (a) AT microstructures, (b) SAT microstructures, and (c) is IAT microstructures.

Table 2. Quantitative Atom % for SAT and IAT

sample type composition (atom %)

AT Sb2Te3
SAT (Sb2Te3)Sm4.3

IAT (Sb2Te3)In4.1

Figure 3. Raman vibrational modes of prepared AT, SAT, and IAT
microstructures. The inset shows the enlarged view of AT.
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red and blue shifts were observed due to the existence of the
dopant and also because of variation in the crystallite size of
the prepared doped and undoped Sb2Te3.

31−33 The decreases
in crystallite size are symmetrically related to the peak
broadness and occurrence of blue shift.48 Additionally, this
result also corresponds to the PXRD pattern of the prepared
materials. As is evident from Figure 3, the bands width of IAT
are greater than those of SAT and AT, which correlate with the
higher FWHM of IAT. As discussed earlier in Section 4.1,
FWHM is inversely related to the crystallite size of the
material; hence, IAT has a smaller crystallite size compared to
AT and SAT,49 as shown by the results of peak broadness and
blue shift in IAT. Furthermore, there is absence of any oxide
band, as indicated from Figure 3, which verifies the purity of
the prepared doped materials.
2.4. Thermal Analysis (TGA). The thermal stability of

SAT and IAT was studied by TGA. Figure 4 shows the two-
step weight loss thermogram of all prepared microstructures.
In all samples, at about 397 K a small weight loss of 3% was
noticed, which is due to the removal of adsorbed water
vapors.50 Further, a major second step weight loss was
observed at 738−883 K, which is attributed to the vaporization
of Te and melting of Sb2Te3

51−53 in all prepared samples. In
both cases, after neglecting the water loss, TGA curves can be
attributed as a single-stage decomposition. Moreover, the DTA
analyses of both doped prepared samples are given in Figure
4b. The DTA plots of SAT and IAT closely resemble the TGA
behavior of these materials. The 1st endotherm appearing
below 423 K corresponds to the evaporation of the adsorbed
water, while the 2nd and 3rd endotherms observed at 723−733
and 823−833 K correspond to the melting of excess
chalcogenide and Sb2Te3 melting. Therefore, we can conclude
that SAT and IAT show comparable thermal behaviors and no
significant change in the melting point of Sb2Te3 was observed
by addition of Sm and In as dopants. Further TGA results also
confirm the absence of any oxide impurity in the prepared
doped Sb2Te3, as no weight loss was observed from 473 to 573
K, which corresponds to Sb2O3 decomposition.36,37

2.5. Electrical Properties of Doped and Undoped
Sb2Te3. The dielectric and conducting properties of as-
synthesized materials were investigated and are discussed
below.

2.5.1. Dielectric Studies. Dielectric studies give an idea
about the electrical energy storage capacity of the material by
electrical polarization. We measured the dielectric properties of
the prepared doped and undoped Sb2Te3 microstructures at
room temperature within the frequency range of 20 Hz to 3
MHz.

The real part of the dielectric provides information about the
storing capability of the electrical energy, while the imaginary
part reveals the loss of stored electrical energy. Figure 5a shows
the dependence of the real part of the dielectric constant (ε′)
on the frequency for all prepared AT, SAT, and IAT. The
decrease in dielectric constant was observed with increase in
frequency. A sharp decline in ε′ was noticed at lower
frequencies as compared to higher frequencies, which is similar
to the usual behavior of dispersion reported in dielectrics.54 In
dielectric materials, four types of polarizations, i.e., atomic,
electronic, ionic, and interfacial, are present, which are
responsible for the variation in dielectric constant. At low
frequencies, the value of dielectric constant is higher because
all four types of polarization take part but interfacial
polarization comes into contact mainly. As the frequency
increases, the polarization decreases and reaches a constant
value because the atoms have not enough time to align
themselves along with the alternating field.55 Moreover, the
phenomenon of hopping is also responsible for the higher
dielectric constant at lower frequencies. In this case, the value
of dielectric constant was decreased by the addition of dopant.
The calculated value of ε′ for undoped Sb2Te3 is 1516, while it
is 397 and 236 for Sm- and In-doped Sb2Te3 microstructures,
respectively. The lower value of ε′ for SAT and IAT is related
to the decrease in capacitance of grain boundaries, which
confirms the enhancement of DC conductivity.21

Figure 5b shows the relation of the imaginary part of the
permittivity dielectric loss (ε″) with increasing frequency. The
graph depicts the gradual decrease in ε″ with increase in
frequencies. This type of trend is well corelated to Deby’s
relaxation mechanism.56 The loss is due to eddy current and
defects that are created in the structure due to addition of the
dopant. We observed lower value of dielectric loss in undoped
Sb2Te3 microstructures, while higher values of ε″ were
observed in the case of doped Sb2Te3 microstructures. The
reason for Sm-doped Sb2Te3 microstructures showing a higher

Figure 4. (a) % weight loss as a function of temperature of all doped Sb2Te3 microstructures; (b) DTA behaviors of SAT and IAT.
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value of dielectric loss for SAT and IAT is because rare earth
elements are low-dielectric-loss materials.54Figure 5c shows the
variation in tangent loss (Tan δ) as a function of frequency.
Tan δ shows a similar trend with dielectric loss, as shown in

Figure 5b. The tangent loss is directly proportional to the
strain produced in the structure by doping. Addition of Sm and
In as dopants is responsible for the generation of defects in the
crystal structure, which leads to the origin of internal strain.57

Figure 5. (a, b, c) Relation between the dielectric constant, dielectric loss, and tan loss of all prepared doped and undoped microstructures as a
function of frequency; (d, e) temperature-based ac conductivities and dc conductivities; and (f) activation energies of all prepared doped and
undoped Sb2Te3 microstructures.
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IAT shows maximum tan δ because its crystallite size (42 nm)
is smaller as compared to the crystallite size of Sm-doped (68
nm) and undoped Sb2Te3 microstructures (72 nm). The
smaller the crystallite size, the more will be the internal strain,
which will lead to a greater value of Tan δ.
2.5.2. Conductivity Studies. This section includes AC

(σAC), DC (σDC), electrical conductivity, and thermal
conductivity (κ) measurements of all prepared doped and
undoped Sb2Te3 microstructures. Room-temperature AC
conductivity was calculated as a function of frequency, while
temperature-based DC conductivity measurements were
carried out at 300−500 K. Thermal conductivity study was
also done at variable temperature ranges from 298 to 393 K.

The relation of σAC with log f is provided in Figure 5d. This
graph shows that σAC is directly related to logf. As the
frequency increases, the value of σAC also increases, which can
be explained by the jump relaxation model. According to this
model, the phenomenon of ions or atom hopping is more
prominent at lower frequencies, while at higher frequencies,
the dispersion and relaxation process is more active. The
successful hopping of ions or atoms (transfer of ions or atoms
to some other lattice) is attributed to both AC and DC
conductivities. But at higher frequencies, the process of
unsuccessful hopping (ions or atoms hop, relax, reorient, and
come back to their own lattice) is more obvious, which is
responsible for the increase in the σAC value.58 The undoped
Sb2Te3 microstructure shows the usual trend of σAC, while SAT
and IAT did not show eminent response toward the increase in
frequency. Probably, this is due to the structural imperfections
or defects in structure.59 Although SAT and IAT did not give
leading responses to increase in frequency, they have higher
values of σAC as compared to their undoped counterparts.

Figure 5e shows the temperature-dependent DC conductiv-
ities (σDC) of doped and undoped Sb2Te3 microstructures. The
DC conductivities of all prepared samples show a similar trend:
an increase was observed with increase in temperature, which
verifies the involvement of the thermally active transport
mechanism in the conduction process.60−63 As the temperature
increases from 300 to 500 K, the movement of electrons
becomes facile as they face less hindrance, so the higher DC
conductivity was noticed. Further, we also observed an
increment in the DC conductivity values of the doped
Sb2Te3 microstructures. The observed DC conductivity values
for SAT and IAT were 4.9 × 10−3 and 3.7 × 10−3 Ω−1 m−1,
which are higher than that of undoped Sb2Te3 microstructures,
1.92 × 10−4 Ω−1 m−1. The effect of doping on the DC
conductivity of Sb2Te3 microstructures can be explained by
defect chemistry. When a heterovalent dopant is introduced in
any material, it produces a disorder in their structure.
Ultimately, in such a situation, charged disorders/defects are
originated as a result of charged dopants. These charges on the
defects were compensated by the formation of other defects
having opposite charges. These compensation charges happen
to occur either by reduction of positively charged species or by
creation of holes29,43 (electrons cannot be created by
solvothermal methods; only holes can be created, which can
be attributed as positive charges). Thus, the increase in
electrical conductivities for SAT and IAT was attributed to the
defects formed in their structures. Moreover, the addition of
Sm and In doping also affects the crystallite size, as discussed
in the structural analysis. The decrease in crystallite size is also
responsible for the higher electrical conductivity.

The activation energies for the conductivities of doped and
undoped Sb2Te3 microstructures were also calculated using
Arrhenius relationship as given below.44−47
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where σDC is the electrical conductivity, σ° is the pre-
exponential factor, Ea is the activation energy for conduction,
and kB is Boltzmann constant, having the value 1.380649 ×
10−23 J K−1. The value of activation energy for undoped Sb2Te3
was −0.24 eV, while the Ea values for SAT and IAT were
−0.1304 and −0.356 eV, respectively, as provided in Figure 5f.
The trend of activation energy depicts that the conduction of
electrons is more facile in the case of Sm doping as compared
to the In-doped Sb2Te3 microstructures. Therefore, the
measured value of electrical conductivity for SAT is slightly
high compared to IAT.
2.6. Thermal Transport Properties. To investigate the

thermal transport behavior of the prepared materials, thermal
conductivity (κ) and other related parameters were measured.
The total thermal conductivity of the material is sum of
electronic and lattice components, denoted by κe and κph,
respectively. The measured values of the thermal conductivity
of doped and undoped Sb2Te3 microstructures are provided in
Table 3. This data shows that the thermal conductivity of the

Sb2Te3 microstructure decreases by addition of Sm and In. As
discussed earlier, addition of the individual Sm or In dopant
produces charged or point defects in the structure of Sb2Te3
that lead to enhanced phonon scattering. The increase in
phonon scattering is mainly responsible for the decrease in
thermal conductivity of the doped Sb2Te3 microstructures.64

Moreover, the SAT and IAT have smaller crystallite sizes, as
discussed earlier in the structural analysis. The smaller
crystallites produce more interfaces, which also contributes
to the increase of phonon scattering, ultimately leading to low
thermal conductivity.65 Therefore, owing to the smallest
crystallite size, IAT shows the lowest κ value of 0.60 W m−1

K−1 compared to its other counterparts. Additionally, the
temperature-dependent κ of all studied materials have been
studied from 298 to 393 K. The obtained results show the
regular trend of increase in κ with temperature up to 373 K,
which becomes constant afterward, as shown in Figure 6.
Besides that, no change in trend of κ was observed among AT,
SAT, and IAT. IAT has the lowest value of κ (0.77 W m−1

K−1) at 393 K as compared to AT (κ = 0.91 W m−1 K−1) and
SAT (κ = 0.82 W m−1 K−1), similar to that observed at room
temperature (298 K).

Furthermore, addition of dopants also affects the thermal
diffusivity (α) and volumetric heat capacity (C) of prepared
materials. As evident from the equation α = k/C, there is a
direct relationship between σ and κ, while they are inversely
related with C.66 Accordingly, AT and IAT show the regular

Table 3. Measured Values of the Thermal Conductivities of
the Prepared AT, SAT, and IAT at 298 K

microstructures

thermal
conductivity κ
(W m−1 K−1)

thermal
diffusivity α
(mm2 s−1)

volumetric specific
heat capacity C
(MJ m−3 K−1)

AT 0.68 0.33 2.07
SAT 0.63 0.74 0.84
IAT 0.60 0.25 2.39
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behavior regarding thermal transport properties, while a higher
value of thermal diffusivity (0.74 mm2 s−1) and lowest value of
volumetric heat capacity (0.84 MJ m−3 K−1) were observed in
the case of SAT, which may be attributed to the difference in
atomic masses of Sm and In, as the atomic mass/density of the
material has a inverse relationship with C. Hence, Sm and In
dopants certainly affect the thermal transport properties of
Sb2Te3 microstructures, and these materials can be employed
where a low thermal conductivity is needed, e.g. thermoelectric
devices.

In addition, a broad comparison of all measured properties
including dielectric constant, ac conductivity, temperature-
dependent dc conductivity, and thermal conductivities of all
studied materials AT, SAT, and IAT is provided in Table 4.

We found a linear increment in σAC and σDC but decrease in ε′
and κ by addition of Sm and In as dopants. Hence, we can
deduce that Sm and In as dopants play a significant role in
improvement of the conductivity behavior of Sb2Te3 micro-
structures. These results encourage us to deploy the prepared
doped (SAT and IAT) materials in various energy-related
applications where high electrical conductivity and low thermal
conductivity are essential.

3. CONCLUSIONS
In summary, successful synthesis of undoped Sb2Te3 and Sm,
and In-doped Sb2Te3 microstructures has been carried out by
solvothermal synthesis. The detailed analyses verify the
substitutional addition of Sm+3 and In+3 dopants within the
lattice of Sb2Te3. The SEM micrographs, vibrational analysis,
and TGA/DTA confirmed the uniform distribution of Sm and
In within Sb2Te3 microstructures; moreover, doping did not
shift the vibrational modes and thermal behavior of Sb2Te3

microstructures. The variation in dielectric parameters such as
decrease in dielectric constant (1516−236), increase in
dielectric loss, and tan loss were measured due to internal
strain, and defects emerged because of Sm and In doping. An
enhanced electrical conductivity of up to 0.06 Ω−1 m−1 was
measured from frequency-based AC and temperature-based
DC measurements, 4.9 × 10−3 Ω−1 m−1. The activation energy
calculations show the facile movement of electrons within
doped Sb2Te3 microstructures, which facilitates the enhanced
electrical conductivity. Further, the temperature-based thermal
conductivity estimation shows a decrease in thermal
conductivity by doping of Sm and In up to 0.60 W m−1 K−1

because of the phonon-scattering phenomena. Such improve-
ment in electrical conductivity and decline in thermal
conductivity suggest that trivalent Sm and In-doped Sb2Te3
microstructures can prove to be better candidates for
thermoelectric and other electronic applications.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. All materials including

SmCl3, InCl3, SbCl3, NaBH4, and Te powder purchased from
Sigma Aldrich, having purity above 99%, were used without
further purification.
4.2. Synthesis of (Sm, In)-Doped and Undoped

Sb2Te3. Analytically pure metal (Sm) chloride (aq 0.1
mmol), antimony trichloride SbCl3 (aq 2 mmol), tellurium
powder (aq 3 mmol), and sodium borohydride (0.35 g) were
added into a Teflon-lined autoclave having a capacity of 50
mL, as shown in Scheme 1. Subsequently, the autoclave was

filled with a mixture of ethylenediamine and deionized water
(8:2) up to 80% of its capacity. Afterwards, the autoclave was
placed in a preheated oven and kept at a temperature of 433 K
for 48 h. The autoclave was then cooled down to room
temperature. The resulting precipitates were washed thrice
with absolute alcohol and deionized water to remove any
unreacted starting material. Finally, the washed precipitates
were dried under vacuum at 343 K for 4 h. Further, the dried
sample was annealed at 753 K under H2/Ar mixture for 3 h to
remove any oxide impurity.

The undoped Sb2Te3 (AT) and indium-doped Sb2Te3
(IAT) were also synthesized by the same solvothermal process

Figure 6. Temperature-dependent thermal conductivity κ of AT,
SAT, and IAT.

Table 4. Comparison of All Measured Parameters of AT,
SAT, and IAT

sample
type

dielectric
constant

ε′

AC
conductivity
σACΩ−1 m−1

DC
conductivity
σDCΩ−1 m−1

thermal
conductivity κ
(W m−1 K−1)

AT 1517 3.88 × 10−4 1.92 × 10−4 0.68−0.91
SAT 397 0.01 4.9 × 10−3 0.63−0.82
IAT 236 0.06 3.7 × 10−3 0.60−0.77

Scheme 1. Solvothermal Synthesis of AT, SAT, and IAT
Microstructures
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except that during the synthesis of AT, only the salt of
antimony trichloride (SbCl3) was used.
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