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Sb-substituted BaSnO3 (BSO) perovskite microstructures were synthesized by a polymerization complex method
with Sb concentrations of 0, 1, 5, and 10 mM. The electronic band structures of pure BSO and Sb-substituted BSO
were theoretically verified by density functional theory. The findings indicated that the conduction band
property was primarily attributed to the Sb-5s and Sn-5s orbitals. The Sb®* donor and the subsequent oxygen
vacancy enhanced electronic conduction. A high Seebeck coefficient of 58.9 pV/K and power factor of 2.1
pWm K2 were achieved for the 10 mM Sb-substituted BSO at 820 K. The semiconductor to metallic transition
was observed at 700 K owing to the charge compensation between Sb°* and Sn** ions. The structural defects and
grain boundaries contributed to a low thermal conductivity in the samples. The 10 mM Sb-substituted BSO

sample exhibit the dimensionless figure of merit of 0.28 x 1072 at 820 K.

1. Introduction

The electrical energy consumption of electronic gadgets, household
appliances, and vehicles has been increasing day by day. However, the
energy generated by thermal power plants, nuclear power plants, and
hydropower plants is not enough to requirements. About 66% of energy
is wasted by vehicles, incinerators, industries, and thermal power plants.
An alternative is required to supplement the power generation [1].
Thermoelectrics (TE) is promising to generate electricity from waste
heat. TE technology has several advantages as it is nontoxic, scalable
with low cost, highly reliable, durable, compact, and silent.

The performance of a thermoelectric material is evaluated by
dimensionless figure of merit (ZT) = SzﬁTK_l, which is defined by See-
beck coefficient (S), electrical conductivity (c), operating temperature
(T), and thermal conductivity (k). Thermal conductivity is composed of
electronic thermal conductivity (ke) and lattice thermal conductivity
(kpn). To increase ZT, S and ¢ are increased and « is decreased. Thermal
conductivity can be decreased by nano-structuring and defect engi-
neering without affecting the electronic transport properties, thereby

enhancing ZT [2-4].

SbyTes, PbTe, and BiyTes materials have been developed for low and
intermediate temperature-range thermoelectric applications. These
materials cannot be used for high-temperature applications because they
are easily oxidized in air. Therefore, new earth-abundant materials with
low cost are required for high-temperature applications [5-7].

Metal oxide-based materials have been utilized for high-temperature
TE applications because of advantages such as high thermal stability,
nontoxicity, and low cost. Several p-type metal oxide-based materials
have been reported, such as NayCo04 and CazCo409 [8]. However, the
literature on n-type oxide TE materials is still limited. Perovskite-based
metal oxide materials have been ideal candidates for TE applications
since they are highly stable in air [9,10]. The perovskite structure can be
represented by ABO3, where, A is the alkaline earth metal and B is the
transition metal. BaSnO3 (BSO) is one of the most promising perovskite
materials with a wide band gap of 3.1 eV. The BSO has a primitive cubic
structure with Sn-O-Sn bond in SnOg octahedral network. It has
Sn**-occupied 6-fold co-ordination of oxygen atoms with Ba®* as the
center atoms. The valence-band maximum comprises the O 2p band and
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conduction-band minimum comprises the Sn 5s antibonding orbitals.
The electronic structure of BSO can be modified by substituting
hetero-valence elements such as La or Sb in the Ba or Sn sites [11-15].

Shin et al. [16] synthesized BSO for the perovskite solar cell, which is
replaced by TiO5 nanoparticles in the n-transport layer. La-doped BSO
single crystal with a mobility of 300 cm?/V-s and good optical trans-
parency was grown by CupO flux method as demonstrated by Kim et al.
[17]. Cava et al. [18] grew Sb-doped BSO and achieved electrical con-
duction ten times larger than that of BSO. Mizoguchi et al. [19] syn-
thesized Sb-doped BSO by solid-state reaction method and achieved
electrical conductivity of 4 S/cm by addition of Sb to the Sn site. The
thermoelectric properties of La-doped BSO were analyzed and the ZT
value of 0.11 at 1073 K was obtained by Yasukawa et al. [20]. However,
a comprehensive study of the electronic structure and thermoelectric
properties of Sb-substituted BSO has not been done.

In the present study, pure BSO and Sb-substituted BSO perovskite
materials were synthesized using the polymerization complex method.
The initial Sb concentration in the sample was varied through 1, 5, and
10 mM. The electronic band structure was calculated using density
functional theory (DFT). The structural, morphological, electrical, and
thermoelectric properties such as Seebeck coefficient, electrical con-
ductivity, and thermal conductivity were measured experimentally and
the effect of Sb was discussed.

2. Experimental and theoretical procedures

The precursor materials Ba(NO3)s, SbCls, SnCly-2H,0, ethylene
glycol (EG), ethanol, and citric acid (CA) were purchased from Wako
pure chemicals and used without further purification. To synthesize
BSO, the ratio of Ba(NO3), and SnCl,-2H,0 was fixed as stoichiometric
molar ratio of 100 mM:100 mM. They were initially dissolved in 100 mL
of EG solution and stirred vigorously under 353 K for 1 h. 100 mL of CA
(100 mM) solution prepared with ethanol was then added. The reaction
was continued at 408 K for 24-28 h to promote the polymerization re-
action. A brown-color solution was obtained after the completion of the
reaction. The gel solution was annealed at 623 K for 3 h in air to remove
the excess solvents from the gel solution. After the completion of
annealing, a black-colored powder was obtained. The powder was again
annealed at 1123 K for 5 h and at 1173 K for 24 h. Finally, the powder
color was changed to white. The collected powder was fired at 1473 K
for 10 h under open atmosphere. A similar procedure was followed to
synthesize Sb-substituted BSO. To prepare Sb substituted BSO, SbCl3 was
added into the precursor solution at the molar concentrations of 1, 5,
and 10 mM. The disc-shaped pellets were prepared by a high-pressure
and high-temperature sintering process for electrical and thermal
transport characterizations. The structural patterns of the samples were
analyzed by X-Ray diffraction (XRD) using Rigaku Ultima III. The
wavelength of Cu Ka was 1.54 A with scan rate of 0.02 deg/min and
diffraction patterns were recorded between 20° to 70°. The surface
morphology of the microstructure was analyzed using analytical field-
emission scanning electron microscopy (FE-SEM, JEOL-7001F). Grain
size distribution of the samples was analyzed using ImageJ software [21,
22]. The elemental average values were measured by JXA-8530F field
emission electron probe microanalysis (EPMA). The morphological
structure was measured by scanning transmission electron microscopy
with energy dispersive X-ray spectroscopy (STEM-EDX) using
JEOL-2001F with an accelerating voltage of 200 kV. The enlarged
crystallographic  structural ~morphology was measured by
high-resolution transmission electron microscopy (HRTEM).

The chemical states of each element were analyzed by X-ray photo-
electron spectroscopy (XPS) with the monochromatic Al K (1486.6 eV)
source (AXIS ULTRA, Kratos). Binding energy calibration was achieved
by the carbon peak at 285.0 eV. The thermoelectric properties of S and ¢
were measured as a function of temperature from 300 to 820 K using a
self-made system [23]. The thermal diffusivity («) was measured using
cylindrical pellets with 10 mm diameter and 1 mm height under a
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nitrogen atmosphere by the laser flash method (model TC-7000,
ULVAC-RIKO). The specific heat capacity (Cp) was measured by differ-
ential scanning calorimetry (DSC) (DSC 60 Plus, Shimadzu) under an
argon atmosphere and the sample density (D) was measured using the
Archimedes method. The measured density values were found by 5.125
g/cm® and 5.09 g/cm?® for Sb: 5 mM and Sb: 10 mM. The thermal con-
ductivity was calculated using the formula:

k=aC,D (€D}

The electronic band structures of the pure and Sb-substituted BSO
model were calculated by Quantum ESPRESSO based on DFT [24] using
a 3 x 3 x 3 supercell [25,26]. For the Sb-substituted system, a single Sn
atom located at the center of the supercell was substituted by the Sb
atom. The projector-augmented-wave (PAW) method was employed
with the Perdew-Burke-Ernzerhof (PBE) functional as the exchange and
correlation potential for the generalized gradient approximation (GGA).
For the structural optimization calculation, the Broyden—
Fletcher-Goldfarb-Shanno (BFGS) quasi-newton algorithm was used
until the total forces reached less than 1.0 x 10~> Ry Bohr™’. Subse-
quently, k-space integration was performed using a 6 x 6 x 6 mesh
within the Monkhorst-Pack k-point sampling. The kinetic-energy cutoff
of wave functions and charge density were 47 Ry and 187 Ry,
respectively.

3. Results and discussion
3.1. Electronic band structures of pure and Sb-substituted BSO

The band structure of Sb-substituted BSO is shown in Fig. 1(a). As
shown in Fig. 1(a), the Fermi level of Sb-substituted BSO was located
within the lowest empty band whereas, the position of the pure BSO was
within the gap [27]. This implies that carrier concentration increased by
Sb doping. For further analysis of the electronic states near the Fermi
level, the projected density of states (PDOS) of the Sb-substituted BSO
were calculated and shown in Fig. 1 (b & c). The results revealed that the
density of states near the conduction band edge composed of Sb 5s and
Sn 5s orbitals which mainly contributed for electronic conduction in the
conduction band as shown in Fig. 1(b). This led to the conclusion that
the first Sn 5s orbital interacts with O 2p orbitals. The BSO band consists
of Sn 5s- O 2p o* orbital interactions in pure case [27]. Therefore, the
metal-oxygen bonding, Sb 5s-O 2p c* orbital, is considered for the
conduction mechanism of Sb-substituted BSO. Thus, the doping of Sb
onto the Sn site modifies the Fermi-level position from insulating to
semiconductor property. Further, PDOS of the first-, second- and
third-nearest-Sn atoms from the Sb atom (the distances from the Sb atom
are 4.116, 5.820, and 7.129 A, respectively) have been analyzed and are
shown in Fig. 1(c). It concluded that PDOS of Sn 5s for the first nearest
atom is larger compared to those of the second and third nearest Sn
atoms at Fermi level. It is also the local electronic structural effect of the
Sb doping. The Ba 6s, Ba 5s, and O 2s orbitals are not the majority states
of the conduction band edge.

3.2. Microstructural analysis and elemental analysis

Fig. 2 shows the X-ray diffraction (XRD) patterns of pure BSO and Sb-
substituted BSO. The high-intensity diffraction peaks appeared at
30.72°, 37.02°, 44.02°, 54.61°, and 63.94° which were indexed as (110),
(111), (200), (211), and (220) planes, respectively. These diffraction
peaks were in good agreement with the JCPDS no 15-0780 for pure BSO-
cubic perovskite structure Pm3m. There was no shift in the diffraction
peaks of the XRD patterns of the Sb-substituted BSO sample, which in-
dicates that a small amount of Sb did not affect the perovskite crystal
structure.

The stability of the geometric distortion of perovskite structure is
Ra+Ro

Ta(Re 7o’ where Ry, Rg, and Rg are
B 0

estimated by the tolerance factor t =
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Fig. 1. (a) Calculated Sb-substituted BSO band structure. (b) PDOS of the Sb-substituted BSO with wide-range. (c) PDOS near the Fermi level.
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Fig. 2. X-ray diffraction (XRD) patterns of pure and Sb-substituted BSO sam-
ples. (Sb: 0, 1, 5, and 10 mM) sintered at 1473 K for 10 h.

the ionic radii of Ba (0.135 nm), Sn (0.069 nm), and O (0.138 nm) ions,
respectively [28]. The tolerance factor of pure BSO was calculated to be
1.026, which indicated the cubic structure. The lattice constant was
extracted from the high-intensity diffraction peak of (110) plane and
estimated as 4.117 10\, 4.114 A, 4.119 f\, and 4.117 A for the Sb content of
0, 1, 5, and 10 mM, respectively. The lattice parameters were nearly
same for all the samples.

The morphologies and size distributions of the pure and Sb-
substituted BSO samples are shown in Fig. 3 with corresponding histo-
grams. Fig. 3(a) shows the SEM image of pure BSO image, which
confirmed the cubic morphology. The cubic morphology was retained
for the Sb-substituted BSO as shown in Fig. 3(b-c). The average particle

size, which is estimated by the distribution curve, varied as 0.64, 0.50,
and 0.80 pum for pure BSO, 5 mM Sb-substituted BSO, and 10 mM Sb-
substituted BSO, respectively. The average particle size is not signifi-
cantly affected after Sb substitution.

Fig. 4(a-b) show HRTEM images of the 5 mM Sb-substituted BSO.
The inset in Fig. 4 (a) shows a fast Fourier transform (FFT) pattern,
which confirmed the single phase. The lattice fringes with the d-spacing
of 0.3 nm was observed in Fig. 4(b) which agrees with the (110) plane of
BSO. The HRTEM images of 10 mM Sb-substituted BSO are shown in
Fig. 4(c—d). The distance of lattice fringes was 0.29 nm, which also
indicated the (110) plane. Stack layers and grain boundaries were also
observed, as indicated by the dotted circles in Fig. 4(b-d), which implies
rigid interparticle connections.

The chemical states were characterized by XPS. Fig. 5 (a) and (b)
show the Sn 3d and O 1s spectra of pure BSO, respectively. The Sn 3d
core-level spectrum is fitted with Sn 3ds,; and Sn 3ds,, components at
497 eV and 488.5 eV with spin-orbit splitting energy of 8.5 eV. Fig. 5 (c)
and (d) show the respective Sn 3d and Sb 3d spectra of Sb-substituted
BSO (Sb: 5 mM), and Fig. 5 (e) and (f) show the spectra of Sb-
substituted BSO (Sb: 10 mM). The Sn 3ds,, binding energies shifted to
486.9 eV for the 5 mM Sb-substituted BSO and 10 mM Sb-substituted
BSO samples. This is attributed to the shift of the Fermi-level position
by doping of Sb in the Sn site as indicated by our DFT calculation.

The oxygen O 1s core-level spectrum is deconvoluted into three
components: lattice oxygen (LO), vacancy-related oxygen, where an
adsorbed oxygen molecule reacts with oxygen vacancy at the subsurface
(VO) [29,30], and surface hydroxyl group (O-H) as shown in Fig. 5(b, d,
f). The O 1s binding energies of the pure sample for LO, VO, and O-H
were 531.8, 533.3, and 534.4 eV, respectively. The calculated VO/LO
ratios for pure BSO, Sb-substituted BSO (Sb: 5 mM), and Sb-substituted
BSO (Sb: 10 mM) were 0.79, 0.43, and 0.94, respectively. The VO/LO
ratio was found to be low for the sample with the Sb concentration of 5
mM. However, the VO/LO ratio was observed to increase by increasing
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Fig. 3. (a—c) SEM images and (d-f) size distributions of BSO samples.

the Sb concentration to 10 mM. The lowest VO/LO ratio for the sample
with an Sb concentration of 5 mM can be attributed to the minimum
averaged size observed in the field emission scanning electron micro-
scopy (FESEM) image as shown in Fig. 3(b) with a low density of the
oxygen vacancy.

The intensity of Sb 3ds/, core-level binding energy peak increased by
increasing the Sb concentration. The Sb 3ds,; (Sb>") binding energies of
Sb-substituted BSO (Sb: 5 mM) and Sb-substituted BSO (Sb: 10 mM)
were found to be 531.4 and 531.5 eV, respectively. No trivalent state of
Sb3* was identified. In the case of the Sb°* ions substituted on the Sn**
site, Sb acted as the donor providing free electrons to the conduction
band which is consistent with recently reported thin film based Sb-
doped BSO [31]. The calculated Sb to Sn ratio by XPS values were 0,
0.056, and 0.073 for pure BSO, Sb-substituted BSO (Sb: 5 mM), and
Sb-substituted BSO (Sb: 10 mM), respectively. The element verification
by element probe micro analysis ratio values were 0, 0.053, and 0.082
for pure BSO, Sb-substituted BSO (Sb: 5 mM), and Sb-substituted BSO
(Sb: 10 mM), respectively as shown in Table 1. The surface sensitivity of
both measurements was different, but the antimony to tin ratio was
almost identical, confirming that all elements were uniformly distrib-
uted in the structure. The generation of free charge carriers originated
from the Sb>* substitution on the Sn site by donating the excess electrons
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to the conduction band, thereby forming an oxygen vacancy and sub-
sequently, the electrical conductivity increased as shown by the XPS
spectra of Sb 3d and O 1s [32].

3.3. Thermoelectric properties

The electrical resistivity, carrier concentration, and mobility of Sb-
substituted BSO measured at room temperature are summarized in
Table 2. The negative sign of Hall coefficient confirmed the n-type
semiconductors. The electrical resistivity decreased by increasing Sb
content and a minimum value of 0.07 (Q-cm) at Sb: 10 mM was ach-
ieved. The carrier concentrations increased from 1.08 x 10'° to 3.03 x
10'° em ™3 by increasing Sb content from 1 to 10 mM. These enhance-
ments are due to the substitution of Sb on the Sn site of BSO. The sub-
stitution of Sb°* on the Sn** site generates more electrons, thereby
increasing the carrier concentration. The carrier mobility decreased
with the increase in Sb content in the sample due to high carrier
concentration.

The S values of Sb-substituted BSO (Sb: 5 mM) and Sb-substituted
BSO (Sb: 10 mM) were measured from 300 to 820 K as shown in
Fig. 6. The negative values indicate the presence of n-type semi-
conductor. Since pure BSO was used as the insulator, the S value could
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Fig. 4. HRTEM images of (a, b) Sb-substituted (Sb: 5 mM) and (c, d) Sb-substituted BSO (Sb: 10 mM) samples.

not be measured. The measured S values are monotonically increased
with the increase in temperature. The S values were similar for the Sb-
substituted BSO (Sb: 5 mM) and Sb-substituted BSO (Sb: 10 mM) up to
800 K. When the temperature increased beyond 800 K, a slight change in
the S values was observed. The difference was 2.44 pV/K. The S value of
Sb-substituted BSO (Sb: 10 mM) was 58.9 uV/K at 820 K, which was
higher than that of Sb-substituted BSO (Sb: 5 mM) 56.4 pV/K at the same
temperature.

The ¢ value of Sb-substituted BSO was measured as a function of
temperature using four-probe method from 300 to 820 K as shown in
Fig. 7 (a). The o value was found to be low at room temperature, but it
significantly increased with an increase in temperature as the localized
electrons were thermally excited. Moreover, the electrical conductivity
of both the samples increased with temperature which shows the sem-
iconducting behavior of the samples. The high ¢ value of 630 S/m at
820 K was achieved for the 10 mM Sb-substituted BSO, which was
higher than that of 5 mM Sb-substituted BSO (270 S/m) at the same
temperature. The ¢ value increased with the increase in Sb concentra-
tion which confirms that the incorporation of heterovalent Sb increases
the carrier density in the BSO as shown in Table 2. According to DFT, the
Sb 5s is one of the main orbitals which determine the Fermi level.
Subsequently, even a small amount of Sb ions can directly increase the ¢
value. Semiconductor-to-metallic transition was observed for the Sb-
substituted BSO (Sb: 5 mM) at a high temperature. This is shown by
the charge compensation between the Sn** and Sn?* ions.

The Arrhenius plot of log ¢ versus 1000/T (K’l) is shown in Fig. 7(b)
and the equation is given by:

c=A exp(fkf—‘;) 2)

where A is the pre-exponential constant, E,: activation energy, kpg:
Boltzmann constant, T: absolute temperature. The calculated activation
energy (E,) for the Sb-substituted BSO (Sb: 5 mM) and Sb-substituted
BSO (Sb: 10 mM) was 0.014 eV and 0.013 eV, respectively, at the
semiconducting region. This indicated that the impurity scattering was
dominant in this region. A similar behavior was observed as previously
reported [33,34].

The thermoelectric power factor (S%6) was calculated using the
measured S and ¢ values and the variation of power factor as a function
of temperature is shown in Fig. 8. The power factor of both samples
increased with temperatures. The power factor of 10 mM Sb-substituted
BSO was 2.1 pWm K2 at 820 K which is relatively higher than that of
5 mM Sb-substituted BSO (0.8 me_lK_Z) at the same temperature. The
high power factor of 10 mM Sb-substituted BSO was originated from the
high electrical conductivity and reasonable Seebeck coefficient.

The x value was measured as a function of temperature as shown in
Fig. 9 and was found to decrease with the increase in temperature from
300 to 900 K for both samples. The k value of Sb-substituted BSO (Sb: 10
mM) was smaller than that of (Sb: 5 mM). However, the difference was
negligible. The total thermal conductivity (k = ke + kpp) is composed of
electronic thermal conductivity (ke) and lattice thermal conductivity
(xph). The k value at room temperature was approximately 1.04 and
0.94 W/mK at 300 K for the Sb-substituted BSO (Sb: 5 mM) and the Sb-
substituted BSO (Sb: 10 mM), respectively.
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Table 1

Sb to Sn elemental ratio of XPS, EPMA, and experimental values.

Sample name XPS (Sb/Sn) EPMA (Sb/Sn) Experimental source (Sb/Sn)

Sb: 0 mM 0.000 0.000 0.000
Sb: 5 mM 0.056 0.053 0.050
Sb: 10 mM 0.073 0.082 0.100
Table 2
Hall measurements of Sb-substituted BSO.
Sample Electrical Carrier concentration ( x Mobility
resistivity (Q-cm) 10'° cm’3) (cmz/V -s)
BSO (Sb: 1 0.51 1.08 1.14
mM)
BSO (Sb: 5 0.47 2.35 0.57
mM)
BSO (Sb: 10 0.07 3.03 0.26
mM)

The k. value was calculated using the following equation:

ke =LoT 3)

where L is the Lorentz number (2.44 x 1078 VZK’Z), o is the electrical
conductivity, and T is the absolute temperature. The lattice thermal
conductivity was derived from the measured total x and calculated «e.
Table 3 shows the calculated Cp, kph and k. values of Sb-substituted BSO.
The electronic thermal conductivity increased as the temperature

—=—S8b :5mM

—e—Sb :10 mM
20

=30
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-60 4
300

500 600 700 800
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Fig. 6. The S value of Sb-substituted BSO (Sb: 5 mM) and Sb-substituted BSO
(Sb: 10 mM).

increased. However, the k. contribution was very small, implying that
the «pp contribution was dominant.

The « value decreased with the increase in temperature due to the
phonon—phonon scattering at the microstructure. The k value also
decreased as the Sb concentration increased [35]. This can be attributed
to the following reasons: (i) The VO/LO ratio, which was increased by
the addition of the Sb ions, generated additional phonon scattering (ii)
The nanostructured grain boundary at the interfaces significantly
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Fig. 9. Temperature dependence of the total thermal conductivity of (a) Sb-
substituted BSO (Sb: 5 mM) and Sb-substituted BSO (Sb: 10 mM).

affected the phonon mean free path as shown by the scanning electron
microscopy (SEM) and HRTEM images. These structural defects and
grain boundary contributed to low thermal conductivity. (iii) The

Table 3
Calculated «pp,, k. and Cp values of Sb-substituted BSO (Sb: 5 mM and 10 mM).
Temperature (Sb: 5 mM) (Sb: 10 mM)
(9]
(kph) (ke Cp (J/ (kph) (ke Cp (J/
W/mK mW/ gK) W/mK mW/ gK)
mK mK
321 1.04 1.30 0.371 0.94 2.29 0.283
573 0.62 3.48 0.363 0.66 5.85 0.314
673 0.62 5.47 0.392 0.64 8.39 0.322
773 0.57 6.11 0.379 0.64 11.4 0.330
820 0.59 5.45 0.393 0.62 12.6 0.326

reduction of average grain size from 0.5 to 0.8 pm for the Sb-substituted
BSO ((Sb: 5 mM) and (Sb: 10 mM)) introduced significant scattering of
phonons, thus reducing the x value.

The thermoelectric figure of merit is calculated using the Seebeck
coefficient (S), electrical conductivity (¢) and thermal conductivity (k)
values of 5 mM and 10 mM Sb-substituted BSO, as shown in Fig. 10. The
ZT of 10 mM Sb-substituted BSO is relatively higher than that of 5 mM
Sb substituted sample at all measured range of temperatures. For
instance, 10 mM Sb-substituted BSO exhibited ZT of 0.28 x 102 at 820
K which is relatively higher than that of 5 mM Sb substituted sample
(0.11 x 10~2) at the same temperature. The substitution of Sb>" ions on

the Sn site increased carrier concentration thereby electrical
0.30
—&—Sb :5mM
£ 0.25 —&—Sb :10 mM
N
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=
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Fig. 10. Dimensionless figure of merit (ZT) of 5 mM Sb-substituted and 10 mM
Sb -substituted BSO samples.
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conductivity which resulted high ZT of 10 mM Sb-substituted BSO
sample. The obtained ZT is comparable with the tin oxide (SnO) based
material achieved ZT (0.2 x 10~2) at 525 K [35]. To the best of our
knowledge this is the first report on Sb-doped BSO perovskite materials
of electronic structure and thermoelectric properties discussed. Further
investigation is required for enhancement of ZT.

4. Conclusion

Sb-substituted BSO perovskite microstructures were synthesized
using the polymerization complex method. The doping concentrations
of Sb were varied as 0, 1, 5, and 10 mM. The crystal structural and
surface morphological investigation showed a cubic structure with sin-
gle phase and the surface microstructural study revealed multiple grain
boundaries. The Sb doping enhanced the n-type conduction behavior
and the pentavalent Sb°" was experimentally verified. Theoretical
investigation using DFT revealed that the conduction band properties
were mainly attributed to the Sb-5s and Sn-5s orbitals. The Sb°* as the
donor and the subsequent oxygen vacancy enhanced the electronic
conduction. A high S value of 58.9 pV/K and S value of 2.1 pWm 1K ~2
were achieved for the Sb-substituted BSO (Sb: 10 mM) at 820 K. Semi-
conductor to metallic transition was observed at 700 K through the
charge compensation between Sb°* and Sn** ions. Structural defects
and grain boundary contributed to a low k value. The dimensionless
figure of merit of the Sb-substituted BSO (Sb: 10 mM) was found to be
0.28 x 1072 at 820 K, which was larger than that of the Sb-substituted
BSO (Sb: 5 mM).
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