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In the pursuit of high thermoelectric conversion efficiency, both high operating temperature and high figure
of merit ZT are desirable. Thermoelectric materials used in high-temperature power generation are still in
great demand. Here we demonstrate the n-type doped barium stannate (BaSnOsz) behaves as a robust
candidate, as a high-temperature thermoelectric material, due to its ultrahigh power factor and excellent
structural and chemical stability. A systematic calculation focused on the geometric, electronic and
thermoelectric transport properties of BaSnOs is performed by using density functional theory combined
with Boltzmann transport theory. It can be noticed that the electrical conductivity of BaSnOs is improved
dramatically when it is n-type doped, resulting from the small effective mass and extraordinary high
mobility. The power factor maximum reaches 1.5 x 107> W m™! K~2 at 1200 K with the optimal carrier
concentration 1.6 x 10 cm™> which suggests the great potential of BaSnOz as an n-type high
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Introduction

Thermoelectric materials, which can directly convert heat to
electricity, are of great interest in waste heat recovery, solid-state
cooling and so on. The performance of thermoelectric materials
is evaluated through the dimensionless figure of merit ZT, ZT =
(S%a/k)T, where S, o, k and T are the Seebeck coefficient, the
electrical conductivity, the thermal conductivity, and the abso-
lute temperature, respectively. « consists of lattice (k) and
electronic (k.) contributions. A high ZT value requires high
power factor (S°¢) and low thermal conductivity (k). In recent
years, many efforts have been made with regard to reducing the
thermal conductivity, such as by nanostructuring or intro-
ducing layered structures."” The strategies to maximize the
power factor include optimal doping and band engineering.*-*
However, it should be noted that optimizing all of features of
thermoelectric coefficients at the same time is a challenging
task due to their interdependent relationships.

Apart from the ZT value being used to evaluate the thermo-
electric properties of a material, in a thermoelectric device, the
conversion efficiency (n) is directly used to assess the perfor-
mance, which is characterized by ZT and the Carnot efficiency
Ne- A high Carnot limit, n. = (T, — T.)/T., requires a large
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temperature thermoelectric material.

temperature difference between the hot side (7},) and cold side
(T¢) of the thermoelectric device. Thus, high temperature ther-
moelectric materials with good transport properties are highly
desirable for power generating >1000 K. Oxide-based semi-
conductors are regarded as the candidates for high-temperature
thermoelectric applications due to their thermal and chemical
stability at high temperature.”” The performance of the tradi-
tional oxide thermoelectric materials, such as p-type Na,-
C00,,"" CazC040,,"** BiCuSeO'** and n-type SrTiO;,'®"”
ZnO" can be enhanced by heavy-element doping, band engi-
neering and nanostructuring. Nevertheless, only the p-type layer
structured oxide thermoelectrics Na,CoO, and BiCuSeO exhibit
high figures of merit approaching to 1,'>'> which is closely
related to their low k. SrTiO3 as a n-type solid thermoelectric
material has been widely studied for many years due to the large
Seebeck coefficient but limited by the low carrier mobility and
high thermal conductivity.' Therefore, exploring efficient ways
to improve their electrical performance with stable low thermal
conductivity is a promising strategy for oxide-based thermo-
electric materials.

Fortunately, the carrier mobility and electrical conductivity
of n-type doped BaSnO; can be dramatically enhanced due to
the small effective mass (m*).2>>* BaSnOs3, a typical perovskite-
type compound, behaves as an excellent high-mobility elec-
tron transport material composed of abundant elements. The
sample of BaSnO; doped with a few percent La has been re-
ported of an unusually high electron mobility of 320 cm”> V™"
s~ ', which is the highest value reported in perovskite oxides.?*?!
The ultrahigh carrier mobility is ascribed to the small electron
effective mass m* (0.06-0.21 m,),*>* resulting from the light
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conduction band. The electrical conductivity is remarkably
enhanced up to 10°> S m™ " with the carrier concentration of 10>
cm?, showing a metallike behavior.>® Moreover, BaSnO;
exhibits high thermal stability at high temperature exceed 1273
K, which is seven orders of magnitude more thermally stable in
terms of the oxygen diffusion constant compared with
SrTiO;.>”?® The thermal conductivity of pure BaSnO; is 9.68 W
m~' K ' at room temperature,* which is smaller than the good
oxide-based thermoelectric material SrTiO; (12 W m™* K1),
but higher than that of the layered structure, such as NaCo,0,
(2w m' K, BiCuSeO (~0.5 W m ' K ').3»% But it is in
negative correlation with temperature and decreases to 3.2 W
m~' K' at 1262 K.*° Furthermore, for the doped samples,
dopants not only supply carriers to increase the electrical
conductivity and optimize the power factor, but also deduce
point defect scattering to suppress the lattice thermal conduc-
tivity. All these factors suggest the great potential of BaSnO; as
a high temperature thermoelectric material by tuning carrier
concentration.

In this work, we systematically investigated the geometric,
electronic and thermoelectric properties of BaSnO3z by employ-
ing the first principle calculations combined with Boltzmann
transport theory. A comparison of the thermoelectric transport
properties between n-type and p-type doped samples reveals
that the n-type electrical conductivity is several order of
magnitude higher than that of p-type one. The ultra-high n-type
PF, 1.5 x 10> W m™! K2, is observed at 1200 K with carrier
concentration of 1.6 x 10"° cm ™. This PF value is significantly
higher than the highest value is standout among the oxide-
based thermoelectric materials and even is comparable to
those state-of-the-art thermoelectric materials such as Bi,Te;
and SnSe.?**

26

Computational details

The calculation of geometry optimization and electronic struc-
ture of BaSnO; is performed using the density functional theory
(DFT) with project augmented wave (PAW)* potentials as
implemented in the Vienna Ab initio Simulation Package (VASP)
code.*® For the exchange-correlation potential, we use the
standard Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional®
to obtain exact band gap. The kinetic energy cutoff of wave
functions of 600 eV and a Monkhorst-Pack k-mesh of 6 x 6 x 6
are adopted to sample the Inreducible Brillouin Zone (IBZ) in
the structure relaxation, with the energy convergence threshold
set as 10~ eV. Both the cell shape and volume are fully opti-
mized and all atoms are allowed to relax until the maximal
Hellmann-Feynman force acting on each atom is less than
0.001 eV A~*. The denser k-point mesh 15 x 15 x 15,19 x 19 x
19 and 21 X 21 x 21 are test respectively to guarantee the
convergence. Finally, a Monkhorst-Pack k-point mesh of 19 X
19 x 19 has been used to calculate the transport coefficients of
BaSnOs.

The electronic transport properties are obtained utilizing the
semi-classical Boltzmann transport theory as implemented in
the BoltzTrap code.?® As the band structure is calculated at zero
temperature, the effect of temperature 7' and Fermi level u are
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introduced by using the broadening of Fermi distribution. In
the phonon calculation, density functional perturbation theory
with an atomic displacement of 0.005 A is employed to deter-
mine the harmonic interatomic force constants (IFCs). Phonon
frequencies are obtained from IFCs by using Phonopy
package.® A 3 x 3 x 3 supercell of primitive cell containing 135
atoms with 6 x 6 X 6 k-point mesh is used to calculate
harmonic and anharmonic IFCs. Convergence tests with
systems composed of up to 4 x 4 x 4 unit cells showed no
significant changes in phonon dispersion. The interactions up
to third-nearest neighbors are considered when calculating the
third order anharmonic IFCs. The lattice thermal conductivity
is calculated by solving the phonon Boltzmann transport
equation with the relaxation time approximation, as imple-
mented in ShengBTE code.*

Results and discussion
Geometrical and electronic structure

BaSnO; has an ideal cubic perovskite structure with space group
Pm3m (no. 221) as shown in Fig. 1(a). After full relaxation, the
lattice parameter a = 4.115 A, which is in excellent agreement
with experimental value (4.12 A).** Fig. 1(b) shows the Brillouin
zone of cubic BaSnO;. The thermoelectric transport properties
are closely related to the electronic states near the Fermi level.
As shown in Fig. 1(c), BaSnO; is an indirect semiconductor, with
the conduction band minimum (CBM) and the valence band
maximum (VBM) locating at I' and R point respectively. The
band gap calculated by HSE06 method is 3.0 eV, which is in
excellent agreement with the experimental values (3.1 eV and
3.4 eV)** and more exact than the previous calculated values
based on LDA (0.79 eV)* and GGA (1.4 eV) approximation.*’
BaSnO; possesses a large conduction band dispersion at I’
point, which originates from Sn 5s-O 2p antibonding orbital
interactions, suggesting the small electron effective mass. By
fitting the band structure around CBM using the equation, m* =
h*/(d®Eldk*), we calculated m* of BaSnO; 0.26 m.. Moreover, the
large dielectric constant contributes to remarkable low scat-
tering rates.*® According to the relationship of u = et/m*, high
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Fig. 1 (a) The optimized crystal structure and (b) Brillouin zone of
cubic BaSnOs. (c) Electronic band structure and corresponding density
of states based on HSEO6 functional. The Fermi level is set at 0 eV.
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mobility for n-type doped can be realized with small electron
effective mass. Perovskites are favorable for attempts to intro-
duce carriers through substitutional doping through substitu-
tion onto the Ba or Sn site. The extrinsic dopants introduce
shallow donor states to the bottom of conduction band and
move the Fermi level (E¢) away from the valance band, which are
the source of high conductivity. In contrast, the flat valance
band with heavy density-of-states effective mass indicates the
high Seebeck coefficient for p-type BaSnO;. To improve the
thermoelectric performance of BaSnOj, it is essential to balance
both electrical conductivity and Seebeck coefficient.

Thermoelectric properties

By means of the semi-classical Boltzmann transport theory and
invoking the parameters from the calculated electronic structure,
the most important thermoelectric properties from electronic
contribution of BaSnO; can be obtained and presented in Fig. 2.
The Seebeck coefficient of n- and p-type doped BaSnOj; as
a function of carrier concentration at different temperature is
shown in Fig. 2(a) and (b). The S decreases monotonically with
increasing carrier concentration for both n- and p-type doped
sample while increases gradually with the temperature rising. As
aforementioned, the flat valance band with heavy density-of-
states effective mass combined with the high valance DOS peak
contributes to the larger Seebeck value of p-type doped BaSnOs3,
comparing to the n-type doped sample. For example, at the same
magnitude of hole and electron concentration, 1 x 10"° cm™>,
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the S of p-type doping sample is about four times higher than
that of n-type doping one at 1200 K. Nevertheless, the S of the two
cases possesses similar value at their respective optimal carrier
concentration of ~10** cm ™ (p-type) and ~10"° ecm™* (n-type) for
maximal power factor. With the temperature rising, the suscep-
tibility of Seebeck coefficient to temperature is degenerate. It
comes very close to the two curves of 1000 K and 1200 K for the p-
type doped sample.

In fact, only the ratio of electrical conductivity to relaxation
time (o/7) is obtained directly from the BoltzTrap code. The
value of ¢/t for n-type and p-type doped BaSnO; as functions of
temperature and carrier concentration are displayed in Fig. 2(c)
and (d). It can be found that g/t is almost temperature inde-
pendent when the temperature increased from 300 K to 1200 K,
in accordance with the temperature independence of carrier
mobility. A remarkable increased o/t is achieved with the
increase of carrier concentration at different temperature. The
o/t — n relationship reveals over two orders of magnitude
improvement within the range of electron and hole concentra-
tions we considered. For the p-type doped sample, the heavy
doping level (10*' cm™®) can bring the same magnitude
enhancement of ¢/t, however, the value is significantly smaller
than the n-type doping one. Generally, the electrical conduc-
tivity could be derived from the relation ¢ = enu (n, carrier
concentration; and pu, carrier mobility). The remarkable
disparity in conductivity value between two doping types is
attributed to the high carrier mobility of n-type doping, related
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Fig. 2 The Seebeck coefficient (a) and (b), the ratio of ¢ to 7 (c) and (d) as a function of n-type and p-type carrier concentration at different

temperature.
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to the large dispersive conduction band. For p-type system, the
high DOS effective mass due to flat valance band reduces the
mobility although it yields high Seebeck coefficient. Therefore,
the trade-off between electrical conductivity and Seebeck coef-
ficient results in the peak power factor (PF) and ZT value.

The constant relaxation time approximation is typically
employed and the value of t can be acquired by fitting it to the
experimental results. Such method has been implemented to
estimate the relaxation time in many other materials.*”** With
the available experimental electrical conductivities of n-type
and p-type doped BaSnO; adopted,'”** we determine the relax-
ation times are 9.8 x 10~ " s and 11.16 x 10~ '® s for n-type and
p-type system at room temperature, respectively. Furthermore,
the electrical conductivities from experiment with different
small carrier concentrations at room temperature give similar 7
values, which indicates that 7 is in weak dependence of the
carrier concentration and the constant t assumption is
reasonable in small doping level. For the heavily doped
samples, the temperature and carrier concentration depen-
dence of 7 is assumed in the typical electron-phonon form, t =
AT 'n™3 (rin's, Tin K, n in cm ), where 4 is a constant. With
the experimental data,* the yield A is 2.94 x 107® s K cm .
With the calculated 7z, electrical conductivities as functions of
carrier concentration are presented in Fig. 3(a) and (b). The ¢ of
n-type doping increases rapidly from ~10> Sm ™" to ~10°Sm ™"
as the carrier concentration increase from ~10"” em ™ to ~10*°
cm 3, showing a transform from semiconductor to mental like
behavior. The PF defined as §%g, is usually used as a criterion in
searching for new thermoelectric materials with high output
power. The significantly enhanced ¢ satisfies the demonstration
reported by Takada et al.*’ that the improvement of the elec-
trical conductivity of the BaSnO; is very important to obtain
a high power factor. The carrier concentration and temperature
dependence of PF for n-type and p-type doping is shown in

View Article Online

Paper

Fig. 3(c) and (d). The value of maximum PF corresponds to the
optimal carrier concentration, resulting from the opposite
dependence on carrier concentration between S and ¢. Typi-
cally, the light electronic bands with small effective mass
request low optimal carrier concentration (10" to 10*° em™?),
namely, a low content of dopants is enough to optimize the
power factor. In contrast, for the heavy band materials, higher
carrier concentrations are demanded to optimize the power
factor. Consequently, at 1200 K, the PF values for n-type and p-
type doped BaSnO; reach the maximum at carrier concentration
of 1.6 x 10" ecm? and 2 x 10>" cm?, respectively. Considering
the similar Seebeck coefficient but great disparity of electrical
conductivity for n- and p-type doped BaSnO; at optimal carrier
concentration, the PF maximum of n-type is near four orders of
magnitude higher than p-type one. Moreover, the PF increases
with the rising of temperature. Thus a ultra-high optimal PF
(1.5 x 107> W m ™! K ?) of n-type doped BaSnO; is obtained,
which is standout amongst the oxide-based thermoelectric
materials, such as NaCo,0, (ref. 50) and the doped CaMnO3;,**
indicating the great potential for n-type doped BaSnO; as a high
temperature thermoelectric material. Our calculated PF values
are in reasonable agreement with the experimental data. For
example, at the carrier concentration of 7 x 10'® em ™2 for n-type
doped samples, the calculated value of 0.63 x 10 > W m 'K
at 1000 K coincides with the experimented 0.45 x 10> W m~
K2 at 973 K. However, our simulated optimal PF value of 1.5 x
107> W m™* K 2 indicates the thermoelectric performance of
BaSnO; can be further improved and provides guidance of
synergetic tuning optimum carrier concentration and higher
temperature to experiment efforts.

Next, we investigate the thermal transport properties of
BaSnOj;. The electrical thermal conductivity «. is calculated
from the electrical conductivity ¢ via the Wiedemann-Franz
relationship k. = Lo T, where L is the Lorenz number, which is
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Fig. 3 Calculated electrical conductivity (a) and (b) and power factor (c) and (d) as a function of n-type and p-type carrier concentration at

different temperature.
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approximately 2.44 x 10~ W Q K 2. Consequently, the curves
of k. versus carrier concentration exhibit the similar trends to o,
as shown in Fig. 4(a) and (b). In the degenerate semiconductor,
the phonon conductivity is predominate part of the total
thermal conductivity and thus the electronic contribution is
negligible. The lattice thermal conductivity (x;) and the total
thermal conductivity (ki) Of the intrinsic BaSnOj; at different
temperature are shown in Fig. 4(d). The «; values estimated
using ShengBTE code are slightly larger than the experimental
value of ka1, Which originates from the following reason: in
first principles approach only the phonon-phonon scattering is
considered while in samples used for experimental measure-
ment contain other types of scattering due to defects, impurities
and dislocations which in turn reduce the thermal conductivity.
The fitted line of «; follows the T~ * relationship, indicating the
phonon-phonon interaction plays the main role in the phonon
mechanism. The decreased «; can be explained by the increased
phonon-phonon scattering as temperature rising. To investi-
gate the origin of the reduction of thermal conductivity, the
phonon spectra of BaSnO; is calculated and plotted in Fig. 4(c).
The heavy constituent elements contribute mainly to the lower
frequency mode, leading to the low frequency optical branches
overlapping with the acoustic modes. Thus, the optical
branches share part of heat with the acoustic branches, which
increase the chance of phonon scattering. The experiment re-
ported Ky decreases rapidly from 9.6 Wm 'K ' to 3.2 Wm ™"
K" as temperature increases from 323 K to 1263 K.>* Compared
to the reported thermal conductivity of n-type doped

View Article Online
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Ba,;_,La,SnOj, the thermal conductivities are quite similar at
different doping levels,** indicating the k. is independent
with carrier concentration. As to the doped compound, the
electronic contribution, «. is gradually enhanced due to the
positive relationship to the carrier concentration. However, in
thermoelectric materials, dopants not only supply carriers to
optimize the power factor, but enhance the phonon scattering
to reduce the contribution of «;. Thus, the compromise between
ke and «; contributes to the doping level independence of kotal-

With the electronic and thermal transport coefficients
available, we now evaluate the thermoelectric performance of
BaSnO; by ZT value and conversion efficiency. Considering
the small power factor value of p-type doping is meaningless
to practical application, only the ZT of n-type doped BaSnO;
as a function of carrier concentration at different temperature
is shown in Fig. 5. At low temperature (T < 700 K), the ZT is
almost independent with the carrier concentration, possess-
ing small values. However, there is a remarkable increase
when the temperature elevates beyond 700 K. The ZT as
a function of carrier concentration is in similar tendency to
that of power factor. The maximal ZT value of 0.65 is obtained
with the optimal electron doping concentration of 1.6 x 10*°
em ™2 at 1200 K, which is higher than other well-known oxide
thermoelectric materials in solid states.®® The improved ZT
value is originated from the significantly increased electrical
conductivity with n-type doping as well as the high tempera-
ture stability. As known, in thermoelectric device application,
not only a high ZT peak but the high ZT value over a wide
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Fig.4 Electronic thermal conductivity as a function of carrier concentration at different temperature for n-type (a) and p-type (b) doped BaSnOs.
(c) Phonon dispersion of pure BaSnOs. (d) Lattice thermal conductivity and total thermal conductivity.
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temperature range is required.* The average ZT value of n-
type doped BaSnOj; is calculated to be ~0.33 and ~0.52 in
the temperature of 300-1200 K and 900-1200 K, respectively.
It is deduced that optimizing the ZT value by tuning the
carrier concentration at high temperature makes BaSnO; to
be a promising alternative in the great demanding for n-type
thermoelectric materials nowadays. The main factor that
degrade the ZT value at low temperature is the large thermal
conductivity. Creating strong point-defect scattering by
introducing dopants and enhancing phonon-phonon scat-
tering by nanostructuring are effective ways to suppress
the thermal conductivity. Furthermore, the quantum
confinement effect of electronic carriers in the low-dimension
can significantly enhance the thermo power. We predict the
ZT value could be further boosted in the nanostructured
BaSnO;.

In practical application of thermoelectric device, the energy
conversion efficiency is the direct index to assess the thermo-
electric performance. The ideal maximum efficiency (n) char-
acterizes the heat-electricity conversion ability of thermoelectric
modules, which can be presented using the equation,*

n = VI+ZT -1
“V1+ZT +T,/T,

where, T, and T}, represent the temperature of cold side and hot
resource of thermoelectric device. n. = (T, — T¢)/T. is the Carnot
efficiency. The dimensionless ZT is the average figure of merit
between the hot side and cold side thermoelectric materials of
the module. To examine the practicability of BaSnO; in ther-
moelectric devices, the modules based on the n-type BaSnO;
and four popular p-type materials are assembled (see Fig. S1 of
ESIT). The high maximum conversion efficiency based on n-type
BaSnO; and p-type half-Heusler FeNbSb under a high temper-
ature difference of 900 K is achieved, suggesting the great
potential of n-type BaSnO; for high temperature power
generation.
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Conclusions

We systematically investigated the geometric, electronic and
thermoelectric properties of perovskite-type BaSnOj; by the first-
principle calculations combined with the semi-classical Boltz-
mann theory. The comparison of thermoelectric properties
between n-type and p-type doped BaSnO; were performed. The
results revel that the n-type doped system displays an ultra-high
power factor of 1.5 x 107> W m~' K~? at 1200 K with optimal
carrier concentration of 1.6 x 10'° cm™>. The excellent PF is
attributed to the dramatically increased electrical conductivity,
originating from the small effective mass of electron and
extraordinary high mobility. The enhanced PF and ZT values
serve as guides to related experiments in pointing out the
importance of doping levels and operation temperature to
optimize the thermoelectric performance of BaSnO;. The lattice
thermal conductivity can be suppressed by increasing temper-
ature and introducing dopants. In addition, four types of ther-
moelectric modules formed by n-type BaSnO; and p-type
thermoelectric materials were assembled.
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