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Mitigating anthropogenic climate change requires a package of technologies including methods to
improve the efficiency of energy-intensive transportation and industry. Thermoelectric (TE) power,
which harnesses the Seebeck effect in a TE material to extract electrical energy from a temperature
gradient, is a proven technology with the potential to meet this need. Oxide-based TEs are desirable for
their low cost, high chemical stability and low toxicity, but are generally limited by a low electrical
conductivity and high thermal conductivity. In this study, we employ a fully ab initio approach to predict
the electrical and thermal transport and thermoelectric figure of merit ZT of the oxide perovskites
CaTiOgz, SrTiOs and BaTiOs as a function of carrier concentration and temperature. We predict that
carrier concentrations of n ~ 10%* cm™> are required to optimise the thermoelectric power factor, and
that the piezoelectric scattering in rhombohedral BaTiOz limits the electrical conductivity compared to
the other two systems. We find that the lattice thermal conductivity i, is primarily determined by the
structure type and chemical bonding through the phonon group velocities. We predict that CaTiOs and
SrTiOs can achieve ZT > 1 at high temperature, and that the ZT of SrTiOs could be further enhanced by
the impact of doping or alloying to obtain the required n on the k.« The favourable comparison to
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and could therefore serve as a valuable complement to experiments to identify new high-performance
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1 Introduction

With continued growth in the global demand for energy and
the urgent need to reduce greenhouse gas (GHG) emissions to
limit anthropogenic climate change, the importance of tech-
nologies to provide clean energy and enhance the efficiency of
energy use cannot be understated. A substantial proportion of
the industry and technology that underpin modern life gener-
ates waste heat, with an estimated 60% of global energy lost
through this route." In particular, the difficult-to-decarbonise
industry and transport sectors were estimated to be responsible
for ~24 and 16% of GHG emissions in 2016, highlighting the
significant potential for reductions from improving efficiency.

Thermoelectric generators (TEGs) are solid-state devices that
convert thermal energy directly to electricity via the Seebeck
effect in a thermoelectric material. TEGs have no moving parts
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and are thus easy to maintain, have proven reliability in the
aerospace industry, and are potentially scaleable to a wide range
of applications.® The performance of a TE material is measured
using the dimensionless figure of merit ZT defined by:'*
zr— 57 1 (1)
Kiatt + Kel

where S is the Seebeck coefficient, ¢ is the electrical conductivity,
$% is the thermoelectric power factor (PF), K = K¢ + Kiay i the
sum of the lattice (phonon) and electronic thermal conductivity,
and T is the absolute temperature.

To optimise the ZT, the power factor should be maximised
and the thermal conductivity minimised. S, o, and k. depend
on the electronic structure and are typically related through the
carrier concentration n such that increasing n increases the o
and . but reduces the S.' Materials-engineering strategies
such as “band convergence” can in some case enhance the S
without degrading the conductivity, but aside from these
optimising the electrical properties entails balancing the o, S
and k. by optimising n, and the best balance is typically found
in heavily-doped semiconductors. On the other hand, the
lattice thermal conductivity is independent of the electrical
properties and depends on the material structure and chemical
bonding. The links between structure/composition and ki, are
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at present not well understood, but low x, is often associated
with materials composed of heavy elements, with weak
chemical bonding, and/or with strongly-anharmonic lattice
dynamics arising from e.g. displacive phase transitions and
active lone pairs.*™®

The current industry standard TEs are Bi,Te; for applica-
tions around room temperature (27 ~ 1 from 350-450 K)* and
PbTe for high-temperature applications (2T = 2.2 at 915 K),’ due
to their favourable electronic structure and intrinsically low
thermal conductivity.'®"" However, the low elemental abun-
dance of Te and the environmental toxicity of Pb all but rule
out widespread deployment, restricting Bi,Te;- and PbTe-based
TEGs to niche applications."” Mass production of TEGs thus
requires alternative candidate materials to be found that balance
high performance against sustainability and cost requirements.

Oxide materials are attractive for their low toxicity, low cost,
and high chemical robustness, which make them particularly
suitable for high-temperature automotive and industrial appli-
cations. However, while oxides often show large Seebeck coeffi-
cients, they also tend to have low electrical conductivity, high
lattice thermal conductivity, and hence low ZT. There has
therefore been substantial research into enhancing the ¢ and
minimising the ke of oxides, for example by doping and
alloying. Reports of large theromelectric power factors in
cobaltites in the 1990s initiated research into several families of
materials,"® leading to promising candidates including the
p-type layered cobaltites Na,Co0,,"**® Ca;C0,0,"""*° and Bi,Sr,.
C0,0,,°°** and n-type ZnO*, SrTi0,*** and CaMnO,.*”** Of
these, SrTiO; is among the most promising and widely studied
thermoelectric oxide perovskite due to its chemical flexibility
and high thermal stability.”® However, there have been relatively
few studies of the thermoelectric properties of CaTiO; and
BaTi0;,*? particularly in the non-cubic space groups adopted
by these systems at low-to-mid temperature.

The major challenge to designing high-performance TEs is
navigating the space of interlinked physical properties that
need to be optimised. In this context, all four of the quantities
in the ZT equation are amenable to first-principles calculations,
allowing, in principle, the ZT to be estimated as a function of
the extrinsic carrier concentration (“doping level”) and tem-
perature through a fully ab initio approach. In particular, a
recent approach to calculating electronic transport properties,
including a model for the electron relaxation times,** when paired
with established approaches to predicting the Kp,”" has been
shown to yield very good predictions for the well-characterised tin
chalcogenides SnS and SnSe* and has been applied to novel
candidate TEs including the ternary oxide Bi,Sn,0,°® and the
quaternary oxysulphide Y,Ti,O5S,.*” This type of calculation can
provide valuable guidance to experiments as to the conditions
where the maximum ZT is likely to be obtained and thus define
potential application areas for a material.

In this work, we apply this approach to the Group II titanate
perovskites CaTiO; (CTO), SrTiO; (STO) and BaTiO; (BTO), in
the orthorhombic Pnma, tetragonal I4/mcm and rhombohedral
R3m phases, respectively, allowing us to investigate the impact
of the A-site cation and structure type on the thermoelectric
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performance. We find that STO has the best electrical transport
properties, whereas the lower-symmetry structure of CTO lends
itself to a low «,. On the other hand, BTO is predicted to have
a relatively high x, and limited ¢ due to piezoelectric scatter-
ing leading to short electron lifetimes. We predict maximal
ZTmax & 0.2 and 0.5 at mid and high temperatures of 600 and
1000 K and doping levels on the order of 10" cm >, Industrially
viable ZT.x > 1 are only obtained at temperatures above
~1500 K. The low-temperature ZT is limited by the large Ky,
arising from the strong chemical bonding and resultant large
phonon group velocities, and could be mitigated as a positive
side effect of the chemical modifications required to optimise
the electrical properties. Our findings provide valuable insight
to ongoing efforts to optimise these systems, and, importantly,
demonstrate that this ab initio workflow can provide useful
predictions to support ongoing efforts to obtain high-
performance oxide TEs.

2 Methodology

Calculations were performed using pseudopotential plane wave
density functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP) code.*?

Initial structures of CaTiO;, SrTiO; and BaTiO; in the Pnma,
I4/mcm and R3m spacegroups, respectively, were taken from the
Materials Project (MP) database® (mp-4019, mp-4651, mp-
5020) and optimised to tight tolerances of 10~° eV on the total
energy and 10 ° eV A" on the forces.

Electron exchange and correlation were described using the
PBEsol generalised-gradient approximation (GGA) functional.**
The ion cores were modelled using projector-augmented wave
(PAW) pseudopotentials*>*® with valence configurations of: Ti -
3d? 4s% O - 257 2p4; Ca - 3p6 4s%; Sr - 4s> 4p6 5s% and Ba - 5s>
5p°® 6s>. The valence wavefunctions were described using a
plane-wave basis with an 800 eV kinetic-energy cutoff, and
the electronic Brillouin zones were sampled using I'-centred
Monkhorst-Pack k-point meshes®” with 4 x 4 x 2,5 x 5 x 3
and 4 x 4 x 4 subdivisions for the CTO, STO and BTO primitive
cells, respectively. These parameters were chosen based on
explicit testing to converge the absolute total energies to
<1 meV atom ' and the external pressure to <1 kbar (0.1 GPa).

Lattice-dynamics and thermal-conductivity calculations
were performed using the supercell finite-differences approach
implemented in the Phonopy and Phono3py packages.>**®

The second-order (harmonic) force constants were computed
ina4 x 2 x 4 expansion of the CTO unit cell (640 atoms), and
4 x 4 x 4 expansions of the STO and BTO primitive unit cells
(640/320 atoms). Atom-projected phonon density of states (PDoS)
curves were computed by interpolating the phonon frequencies
onto regular I'-centred g-point grids with 12 x 12 x 12 subdivi-
sions using the linear tetrahedron method for Brillouin-zone
integration. Phonon dispersions were obtained by evaluating
the frequencies at strings of g-points passing through the high-
symmetry points in the respective Brillouin zones. Non-analytical
corrections to the dynamical matrices at ¢ — I' were included
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using the approach in ref. 49 using Born effective-charge tensors
z* and high-frequency dielectric constants &,, computed using
the density-functional perturbation theory (DFPT) routines in
VASP.*°

The third-order (anharmonic) force constants were com-
puted in a 2 x 1 x 2 expansion of the CTO unit cell (80 atoms)
and 2 x 2 x 2 expansions of the STO and BTO primitive cells
(80/135 atoms). The lattice thermal conductivities were then
calculated within the single-mode relaxation-time approxi-
mation (SM-RTA) by combining the second- and third-order
force constants to obtain modal heat capacities C,, group
velocities v, and lifetimes 7, on uniform I'-centered 8 x 8 X
8 g-point sampling meshes. This mesh was chosen based on
explicit testing to converge the average of the three diagonal
components of the K tensors, Kae = (K + Kyy + K3;)/3, to
within 5% of the values obtained with larger sampling meshes.

Electronic transport calculations were performed using the
AMSET code.*?

Accurate band gaps E, were obtained using non self-
consistent calculations with the HSE06 hybrid functional,”">>
where a single-point calculation with PBE® is performed to
obtain a set of Kohn-Sham orbitals and the band energies
recalculated with HSE06 using the PBE orbitals. Uniform band-
structure calculations were then performed with PBEsol and
denser 8 x 8 x 4,10 x 10 x 6 and 8 x 8 x 8 k-point meshes for
CTO, STO and BTO, respectively, and the bandgaps increased to
the HSE06 values using scissors operators. These meshes were
further interpolated to a ~30x higher density when calculating
the transport properties.

AMSET estimates the electronic relaxation times by sum-
ming scattering rates from four different processes, viz. acous-
tic deformation potential (ADP), polar optic phonon (POP),
piezoelectric (PIE), and ionised impurity (IMP) scattering,
requiring a range of material properties to be calculated.
Deformation potentials were computed by performing a series
of single-point energy calculations on deformed structures,
generated using AMSET, with PBEsol. High-frequency dielectric
constants &, Born effective charges Z* and piezoelectric mod-
uli were determined using DFPT.’® For these calculations,
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convergence tests indicated that 3x denser k-point sampling
along each reciprocal-lattice vector compared to the “base”
meshes used for geometry optimisation were required to con-
verge the ¢.,. The Z* were used to determine the infrared (IR)
activities of the phonon modes at ¢ = I',>*** evaluated with
Phonopy, and to calculate the polar optic phonon (POP) fre-
quencies. The elastic constants C; and ionic contributions to
the dielectric constant, gonic, Wwere computed using PBEsol and
the finite-differences routines in VASP, the latter of which was
used to obtain the static dielectric constant & = €., + &onic-

3 Results and discussion

3.1 Optimised structures

The optimised structures of CTO, STO and BTO, converted to
the conventional crystallographic unit cells, are shown in Fig. 1.
The ABX; structure comprises a network of corner-sharing BXg
octahedra surrounding cuboctahedral cavities filled by the
A-site cations. The ideal perovskite structure is cubic with the
Pm3m spacegroup, but this is often not the lowest-energy
configuration. Instead, many perovskites adopt one of a rich
variety of structures obtained by rigid tilting of the octahedra
and/or by displacements of the A- or B-site cations from their
ideal positions in the cubic phase.”®”” In this case, the higher-
symmetry rhombohedral R3m structure of BTO is derived from
the cubic aristotype by a displacement of the B-site cation along
the [111] direction,>” while the lower-symmetry tetragonal 14/
mcm structure of STO is derived by a single octahedral tilt and
the orthorhombic Pnma structure of CTO is derived by three
independent tilts.>®

The optimised lattice parameters are collected in Table 1
and compared to experimental measurements from the litera-
ture. The lattice parameters of CTO, STO and BTO are within
2%, 1% and 0.5%, respectively, of the experimental measure-
ments. We note that our “athermal” optimised structures are
those at 0 K without corrections for the vibrational zero-point
energy, whereas the experimental measurements are performed
at finite temperature and may include changes to the lattice

a) CaTiO; (Pnma)

b) SrTiO5 (I4/mcm)

¢) BaTiO; (R3m)

Fig. 1 Conventional cells of CaTiOs in the Pnma space group (a), StTiOs in the /4/mcm space group (b) and BaTiOs in the R3m space group (c). Atom
colours: Ca — blue; Sr — yellow; Ba — orange; Ti — grey; O — green. These images were prepared using the VESTA software.*®
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Table 1 Optimised lattice parameters of the conventional cells of Pnma
CaTiOs, 14/mcm SrTiOs, and R3m BaTiOs compared to experimental
values from the literature. The percentage differences between the cal-
culated and measured values are given in parentheses

a (A) b (A) ¢ (A) V(A%
CaTiO; Expt*® 5.379 7.639 5.436 223
Opt  5.464 (1.58) 7.615 (—0.31) 5.353 (—1.53) 223 (0)
SrTio; Expt’® 5.514 — 7.807 237
Opt  5.505 (—0.16) — 7.850 (0.55) 238 (0.42)
BaTiO; Expt'' 5.651 — 6.948 192
Opt  5.661(0.18) — 6.950 (0.03) 193 (0.39)

constants due to thermal expansion or contraction, so we
therefore consider these small differences acceptable. Our
optimised lattice parameters are also within 5% of those of
the initial MP structures, although these are optimised with the
PBE functional, which typically overestimates lattice para-
meters and unit-cell volumes relative to experiments.

3.2 Lattice dynamics and lattice thermal conductivity

The calculated phonon dispersion and density of states (DoS)
curves for CTO, STO and BTO are shown in Fig. 2.

BTO has n, = 5 atoms in the primitive cell, resulting in 3n, =
15 branches at each phonon wavevector g. CTO and STO have
n, = 10 and 20, respectively, and thus considerably more
complex phonon spectra with 30 and 60 bands at each q. This
increase in complexity due to the larger primitive unit cells is
compounded by the reduction in symmetry resulting in fewer
degenerate bands. The absence of imaginary harmonic modes
in all three phonon dispersion curves indicates that the three
structures are dynamically stable.

In all three systems the A-site cations make the largest
contributions to the low-frequency acoustic modes. Heavier
cations produce lower-frequency, sharper peaks in the PDoS
consistent with “rattling” behaviour, indicating weaker inter-
actions between the A-site cations and the TiOg octahedral
framework. The higher-frequency optic modes are predomi-
nantly due to the motion of the Ti and O atoms and correspond
to deformations of the TiO4 octahedra. In all three systems the
optic modes are separated into a broad band of mid-frequency
modes involving motion of the Ti and O atoms and an isolated
group of high-frequency modes associated primarily with O.
The calculated phonon spectra of STO and CTO agree well with
previous calculations.>*®® While we were not able to find
reference phonon spectra for R3m BTO to compare to, the good
agreement for STO and CTO gives us confidence in our calcula-
tion on BTO.

To predict the lattice thermal conductivity &ja, we used the
single-mode relaxation time approximation (SM-RTA) model.**
The . are 3 x 3 tensors, where the diagonal elements
correspond to transport along the three Cartesian directions.
Since practical thermoelectric devices tend to be based around
thin films or pressed pellets composed of randomly-oriented
crystal grains, we focus mainly on the scalar average Kaye = (Kyx +

Kyy + K;;)/3, which we also denote ko Fig. 3(a) shows the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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predicted ki Of the three perovskites as a function of tem-
perature, and values at 7= 1000 K are collected in Table 2.

The predicted averaged thermal conductivities fall in the
order of CTO < STO =~ BTO. The xj, of CTO, STO and BTO are
3.2,4.4 and 4.5 Wm ' K" at 300 K, and decrease sharply with
temperature to 0.96, 1.4 and 1.3 W m™ " K" at 1000 K.

Ref. 61 reports total thermal conductivities of 4 and
3 W m™' K" for STO at 300 and 1000 K, respectively, while
ref. 62 reports a larger 6.5 W m~ ' K" at 400 K and a compar-
able x =3.25 Wm ™' K" at 1000 K. The measurements in ref. 63
on La- and Nb-doped single crystals cite even higher i, of
~8-10 W m ' K! at 300 K, but similar values around
3 W m ' K" at 1000 K. The factor of three variation in the
low-temperature . highlights the sensitivity of these mea-
surements to the sample preparation and morphology. In
principle, the single-crystal measurements should be most
comparable to our calculations, but we find we consistently
underestimate the experiments by a factor of ~2x (see Section
1 of the ESIT). Given that the tetragonal-to-cubic phase transi-
tion in STO occurs around 100 K,** we would expect the crystals
to be in the higher-symmetry cubic phase, so we tentatively put
this discrepancy down to us modelling the tetragonal structure.

On the other hand, comparison to the measurements on CaTiO;
in ref. 30, which obtained K« ~ 2-4.5 and 2-3 W m ' K * at
300 and 1000 K, suggest that our calculations on this system also
underestimate the iy« at high temperature. Given that the
orthorhombic-to-cubic transition in CTO occurs well above
1000 K,*® the experiments and calculations for this system should
be on the same crystal phase.

Both our predictions and the experimental measurements
are nevertheless considerably larger than the x, of flagship
materials such as Bi,Te; and SnSe, for which we calculated
lattice thermal conductivities of 0.88 and 1.58 W m~ " K" in
previous studies using similar methodology (the experimental
values are 1.28/1.37°*” and 0.5-1.4 W m~' K ').°® However,
the measurements in ref. 30, and experiments on high-entropy
perovskite oxides,’® demonstrate that the wj, can be signifi-
cantly reduced by controlling the chemical composition, pro-
viding a means to mitigate this.

Given that the anisotropy in the thermal transport of the
flagship thermoelectric SnSe plays an important role in its large
high-temperature figure of merit,>’° we also investigated the
anisotropy in the ki, of CTO, STO and BTO (Table 2 and
Fig. S4-S6, ESIt). For the tetragonal I4/mcm and rhombohedral
R3m spacegroups of STO and BTO, respectively, symmetry
dictates that x., = K, # Iz, whereas in the lower-symmetry
orthorhombic Pnma spacegroup of CTO i, # Ky, # K. For
STO and BTO, we predict Ky = Ky, < Kz, while for CTO we
predict Ky, X Ky, > Kz. The anisotropy in CTO and BTO is
relatively small, with a maximum variation of 4-5% in the
directional components relative to the average, whereas STO
shows a larger variation of around 15%.

Low Kja is often associated with materials composed of
heavy elements with weak chemical bonds,” and it is therefore
interesting that, given CTO is the lightest of the three materials
(¢f Table 2), it also has the lowest ki, This indicates that

Mater. Adv., 2024, 5, 652-664 | 655
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Fig. 2 Calculated phonon dispersion and density of states (DoS) curves of CaTiOs (a), SrTiOs (b), and BaTiOz (c). On each DoS plot, the total DoS is
shown in black, and projections onto the A-site cation, Ti and O atoms are shown in red, blue, and green respectively.

differences in structure and bonding, rather than the mass of lattice thermal conductivity. To investigate this further, we
the A-site cation, play a significant role in determining the applied the constant relaxation-time approximation (CRTA)

5.0 T T T T 12 T T T T
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Fig. 3 Analysis of the predicted lattice thermal conductivity of CaTiOs, SrTiOz and BaTiOz using the constant relaxation-time approximation defined in
eqn (2): averaged thermal conductivity i,y (a), harmonic term x/t“™ (b) and averaged lifetime t“™”* (c) as a function of temperature.
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Table 2 Calculated lattice thermal conductivity of the three perovskite
structures examined in this work at T = 1000 K. Each row gives the three
diagonal components of the ki, tensors, ky,, k,, and k., together with the
diagonal average K, and its decomposition into harmonic and lifetimes
components (k/t“F™) e and t“F™ as defined in egn (2). The atomic
masses and radii®® of the A-site cations are also listed for comparison

Klatt [W m71 Kil]

mA rA (K/'L'CRTA) ave ,L_CRTA

[amu] [pm] Ky Ky Kz Kae [(Wm 'K 'p'] [ps]
CaTiO3 40.1 180 0.984 0.980 0.916 0.960 4.04 0.237
SrTiO; 87.6 200 1.293 — 1.614 1.400 10.65 0.131
BaTiO; 137 215 1.286 — 1.366 1.313 3.91 0.336

analysis developed in previous work’"”?

model, the ki, is written as:

1 K, (T
’ T) = CRTA T 4
1) = ) xS D

to the Kue. In this

~

(2)

— ‘ECRTA(T) X

2‘_

qV; Ci(Tyv, ®v,

where k; are the microscopic contributions to the k¢ from
individual phonon modes A with heat capacities C,, group
velocities v, and lifetimes 7,, and the sum is normalised by
the cell volume V and the number of phonon wavevectors N,
included in the summation. (The analysis was applied to the
scalar ke by taking the average of (k/t°8™) and choosing the
7R t0 be consistent with the raye.)

The averaged (x/t°%™) and %™ of the three systems are
shown in Fig. 3(b) and (c), and the values at 1000 K are included
in Table 2.

In our previous work on Si clathrates we found a strong
correlation between the group velocities and the number of
atoms n, in the primitive cell, and a secondary correlation with
crystal symmetry (spacegroup).”” Based on this, we would
expect the #/t°F™ to vary in the order BTO (rhombohedral,
n, = 5) > STO (tetragonal, n, = 10) > CTO (orthorhombic, n, =
20). CTO and STO follow this trend, with x/t“™ = 4 and 10.7 at
1000 K, whereas for BTO x/t°%™ = 3.9 which is comparable to
but slightly lower than CTO. This is consistent with the phonon
dispersions in Fig. 2, which show a notably shallower disper-
sion for BTO, particularly in the low-frequency acoustic modes.
The much larger x/t°%™ of STO compared to CTO, despite the
larger mass m, of the A-site cation, suggests that this cannot be
attributed to Ba having the largest m,. One explanation is that
accommodating the larger Ba cation places a strain on the TiOg
octahedral framework, which may be reflected in the larger
volume per formula unit of BTO compared to the similar
volumes of CTO and STO (¢f. Table 1). Another is that the off-
centering of the B-site Ti*" cation in the R3m structure has a
larger impact on the chemical bonding in the TiOg octahedral
framework than the rigid tilting in the I4/mcm and Pnma
structures.

All three compounds show sub-picosecond averaged life-
times t“¥™ at 1000 K. The t“*™ vary by ~2.6x and show the
opposite trend to the harmonic terms, i.e. are shortest for STO
and longest for BTO. The combination of the 2.7x larger x/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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7™ and shorter averaged lifetimes of STO compared to BTO
result in the two systems having similar ., while the low
group velocities and intermediate t“*™ of CTO lead to the
lowest Kkiy Of the three systems. The long t“%™ of BTO are
perhaps also unexpected given the localised A-site feature in the
phonon DoS (¢f Fig. 2). However, following a similar thought
process to the analysis of the x/t°"™, the larger radius r, of the
Ba cation (¢f. Table 2) may limit its ability to rattle and produce
the expected phonon scattering.

Compared to the flagship thermoelectrics SnSe and Bi,Tes,
the r/t°%™ at 300 K are much larger (3.24-9.12Wm 'K " ps*
compared to 0.37 and 0.2 W m~" K ' ps™" for SnSe’> and
Bi,Te;’*), whereas the %™ are shorter (0.48-1.37 ps compared
to 4.23/4.41 ps for SnSe/Bi,Te;”>’*). This is consistent with the
stronger bonding in oxides, which would both produce larger
group velocities but also stronger phonon interactions, and
suggests that the common strategies for optimising the elec-
trical properties (e.g. introducing oxygen vacancies and heavy
doping”?) would likely have a synergistic effect of reducing the
lattice thermal conductivity. We defer further exploration of
this to a future study.

3.3 Electronic structure and transport properties

The calculated electronic band structures of the three perovs-
kites are provided in Fig. S7-S9 (ESIf), and the calculated
electronic band gaps E, are compared to previous experimental
and theoretical studies in Table 3. The calculated E, = 4.5 eV for
CTO agrees well with the upper range of the experimental
values reported in ref. 75. We were not able to find an
experimental bandgap for R3m BTO, but our predicted E, =
4.42 eV is consistent with the values of 4.9 and 5.18 eV obtained
in previous theoretical studies.”®’” (We attribute our smaller
predicted value to our use of the screened HSE06 hybrid
functional rather than the unscreened PBE0’® used in ref. 76
and 77.) On the other hand, our predicted E, = 4.15 eV for STO
is considerably larger than the 3.4 eV predicted in previous
calculations’® and is also larger than the measured E,=3.25¢V
of cubic STO.%° Despite these discrepancies, all three perovs-
kites are predicted to be insulators, and we would not expect
the possible overestimation of the bandgap of STO to signifi-
cantly impact the calculated electrical properties.

Table 3 Calculated electronic band gaps Eg of the three systems exam-
ined in this work compared to other experimental and theoretical studies
where available

E, [eV]
CaTiO3 Calced (this work) 4.50 (direct)
Expt”® 4.38 (direct)
3.80 (indirect)
4.11
SrTiOg Calcd (this work) 4.15 (indirect)
Expt® 3.25
BaTiO; Calcd (this work) 4.42 (indirect)

Caled”®
Caled””

5.18 (indirect)
4.90
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We therefore proceeded to use the semi-classical Boltzmann
transport theory and approximate electron scattering models
implemented in the AMSET code®® to estimate the three
electrical transport properties in eqn (1), viz. the Seebeck
coefficient S, electrical conductivity ¢ and electronic thermal

conductivity K.

View Article Online

Paper

In these calculations, the properties are determined for a
series of extrinsic carrier concentrations (‘“doping levels”’) n and
temperatures. The doping level is set by adjusting the Fermi
level Ep in the electronic-structure calculation, and do not
take into account the practicalities or potential impacts®" of
doping to obtain a given n. The electron relaxation times are
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Fig. 4 Comparison of the calculated averaged electrical conductivity o (a)/(b), Seebeck coefficient S (c)/(d) power factor S%a (PF) (e)/(f) and electronic
thermal conductivity k¢ (g)/(h) of the three structures examined in this work as a function of doping level at a fixed T = 1000 K (a)/(c)/(e)/(g) and as a
function of temperature at a fixed doping level n = 10%* cm™2 (b)/(d)/(f)/(h).
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determined approximately by summing the rates from four
scattering mechanisms, viz. acoustic deformation potential
(ADP), piezoelectric (PIE), polar optical phonon (POP) and
ionised impurity (IMP) scattering. Full details of these calcula-
tions are provided in ref. 33.

As for the k., the o, S and k. are 3 x 3 tensors, and we
again focus mainly on the scalar averages (xx + yy + 2z)/3, which
we denote o, S and k¢ to distinguish them from the tensor
quantities.

Fig. 4 shows the calculated electrical properties as a function
of electron carrier concentration n between 10'® and 10*> cm >
at a fixed T'= 1000 K, and as a function of temperature between
300-1800 K at a fixed n = 10*' em™°. Pristine STO has a
relatively low n on the order of 10"> cm ™, as expected for an
insulator.®” However, depending on the preparation condi-
tions, experimental samples can have a high concentration of
oxygen vacancies that act as electron donors and produce a
much higher n, and carrier concentrations as high as 3.5 x
10%° em ™ have been reported in undoped SrTiO; thin films.®
The chemical flexibility of the perovskite structure also allows it
to accommodate a wide range of dopants that can enhance the
n, yielding concentrations well in excess of 10" ¢cm™® in
experiments.®”"®> The fixed n = 10*" em™® is therefore a con-
servative estimate of what should be possible in experiments.
While perovskites are stable to high temperatures, we took T =
1000 K as a reference point to match the high-temperature heat-
recovery scenario outlined in ref. 86.

At T=1000 K and the lowest n = 10'® em > we studied, the S
are on the order of —1200 uV K~ ' and decrease monotonically
with 7 to around —50 uv K™ ' at n = 10*> em™>. On the other
hand, the ¢ are negligible up to n ~ 10"® em* and increase
sharply at higher carrier concentrations. The increase in the
conductivity dominates the PF §%¢ up to n ~ 10*'— 5 x
102 cm™® em ™2, while at larger n the decrease in S becomes
dominant, producing a maximum in the PF around 10> cm >,
We therefore conclude that carrier concentrations above
~10" em ™ are necessary to obtain a reasonable PF, but very
high n are detrimental. On the other hand, the k. increases
with ¢ following the Wiedemann-Franz law:

Kel(T) = Lo(T)T (3)

where L is the Lorentz number. At the n where the PFs are
maximised, the x. are <1 W m~' K, whereas at the largest
n = 10> em™® we modelled they reach comparatively large
values of 1-5 W m~ ' K '. Given that the . appears in the
denominator of eqn (1), this would combine with the reduced S
and PF to limit the TE performance.

At a fixed n = 10*" em > the ¢ decrease with temperature in
all three systems, indicative of degenerate semiconductors with
metallic-like conductivity. On the other hand, the absolute
values of the S increase with temperature from 100 uv K at
200 K to around 200-250 uV K~ ' at 1200 K. This balance results
in a rise in the PF from 300 K and a subsequent levelling off
from ~750 K. The temperature dependence of the k. mirrors
the behaviour of the electrical conductivity, in keeping with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Wiedemann-Franz law, but at this modest n the values are a
relatively small 0.1-0.6 Wm™* K.

The three systems are predicted to have very similar Seebeck
coefficients, but the conductivities, power factors and electrical
thermal conductivities fall in the order of STO > CTO > BTO.
Our calculations predict a maximum PF around 1 mW m™ " K"
for STO at n = 2 x 10*! em 2 and T = 1360 K, and under these
conditions the k. is on the order of 0.8 W m™~" K. Conversely,
the low ¢ of BTO results in a maximum PF of 0.4 mW m ™" K"
atn =5 x 10> cm > and T = 1640 K. Comparing the scattering
rates of the three materials at n = 10°" em > and T = 1000 K
(Fig. S10-S12, ESIf) indicates that the low ¢ of BTO is due to the
impact of piezoelectric (PIE) scattering on the electron relaxa-
tion times - this mechanism is only active in the non-
centrosymmetric R3m spacegroup, and indicates that the
B-site cation off-centering may be detrimental to the electrical
transport.

Finally, a comparison of the xx, yy anad zz components of
the electrical transport tensors to the average values discussed
here shows relatively minimal anisotropy (Fig. S13-5S15, ESIT).
The Seebeck coefficients of all three systems are essentially
isotropic. The conductivity in STO and BTO is also largely
isotropic, resulting in minimal variability in the PFs and k..
On the other hand, the ¢ of CTO shows modest anisotropy such
that the a and b directions represent “‘easy’” and ‘“hard” axes for
transport, respectively, and the PFs are ~0.1 mW m ™' K2
(15%) larger/smaller than the average.

We previously employed this procedure to calculate the
electrical properties of SnS and SnSe and obtained very good
agreement with experimental measurements.>”

Measurements on 20% La-doped cubic STO obtained a
6, S and PF on the order of 150 S ecm™*, —250 pv K ' and
0.9 mW m " K2 at 1000 K.°* With a comparable n = 3 x
10%! em? we predict a larger ¢ = 775 S cm ™, a smaller absolute
S = —109 uv K ', and a similar PF of 0.93 mW m ' K 2
Measurements on (Lag 1,STo.s5)0.05TiO; yielded ¢ ~ 100 S em ™,
S~ — 200 pv K 'and 5%¢ ~ 0.3-0.4 mW m~ " K2 at 900 K,**
and using a (estimated) comparable n = 2.5 x 10°° cm > we
predict values of ¢ =71 S em ™', S = —299 pv K and §%¢ =
0.63 mW m™ ' K2 Finally, measurements on Nb-doped SrTiO;
films, with n & 1.5-2 x 10*" in the thickest samples, obtained a
maximum ¢ and S around 600 S ecm™' and —120 uv K ' at
room temperature,’” and we predict ¢ = 238 S cm ™" and S =
—44 uv K ' with n=2.5 x 10** em™>.

We also performed a more quantitative comparison of our
predicted ¢ and S to measurements on the four doped single-
crystal STO samples reported in ref. 63 (Section 1 of the ESIT).
This shows that the calculations tend to over- and underesti-
mate the carrier concentration required to achieve a given o at
low and high T, respectively. On the other hand, the calcula-
tions appear to consistently underestimate the n required to
obtain a given S. Equivalently, for a given n the comparison
suggests the calculations are likely to under- or overestimate
the ¢ compared to experiments at low and high temperature,
and, given the monotonic reduction in the absolute value of S
with carrier concentration, to underestimate the S.
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The vacancy/dopant concentrations in these studies are up
to several tens of at%, which means that the assumption of the
rigid-band approximation, i.e. that the defects do not change the
host electronic structure beyond simply increasing the n, may not
be valid.®" Also, the grain boundaries in “granular” bulk materials
composed of randomly-oriented crystal grains, such as pressed
pellets or consolidated powders, can result in energy filtering and
carrier trapping, which can impact upon the S and ¢.%® This may
be applicable to some of the experimental samples, and similar
phenomena could arise from the point defects in the heavily-
doped single-crystal STO samples in ref. 63. Finally, as for the kju,
some of the discrepancies could also be due to the measurements
being carried out on the cubic rather than the tetragonal phase.

STO is the most widely-studied of the three perovskites, but
we were able to find measurements on a variety of
(Ca;_,La,)TiO3_; materials to compare our predictions for CTO
against.’® The pristine material was reported to have a negli-
gible ¢ =107 S em ™" at 1000 K, but introducing O vacancies
produced a much larger n ~ 2 x 10**ecm ™ and ¢ ~ 100 S cm™*
with § = — 375 uv K~ *. With n = 2.5 x 10%°, our calculations
predict ¢ =36 S cm ' and S = —331 pV K, which we again
consider to be reasonable agreement. For a variety of La-doped
samples, for which we estimate that n > 10*' cm >, maximum
o and S around 250 S cm™* and —175 pV K~ * were measured at
1000 K, and using 7 = 10>" cm ™ we predict values of 144 S cm ™"
and —215 pV K ' respectively. Our predictions for CTO are
generally closer to measurements than those for STO, which,
given that we would expect the measurements on CTO to be on
the orthorhombic phase modelled in the calculations,®® sup-
ports the suggestion that some of the discrepancies in our
predictions for STO can indeed be put down to the calculations
being performed on the tetragonal rather than the cubic phase.

Qualitatively, all three sets of experiments indicate a
decrease in ¢ and an increase in the absolute value of S with
temperature, consistent with our predictions. Unfortunately,
the majority of these papers do not separate the thermal
conductivity into electronic and lattice contributions, but the
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measurements in ref. 30 suggest values of <1 W m~' K ' at
1000 K and 7 on the order of 10*° cm™®, which is again
consistent with our predictions.

3.4 Thermoelectric figure of merit

We now combine the calculated electrical-transport and Ky, to
predict the thermoelectric figure of merit ZT as a function of
doping level and temperature using eqn (1) (Fig. 5). We sum-
marise the minimal temperatures and n for which ZT > 1, and
the corresponding transport properties, in Table 4, together
with the predicted ZT,.x at T = 400, 600 and 1000 K corres-
ponding roughly to the low- mid- and high-temperature heat-
recovery scenarios in ref. 86.

We predict that the industry-standard Z7 = 1 can be achieved
for STO at 1480 K with n = 10>, and for CTO at 1640 K with n =
5 x 10*° cm 3. On the other hand, we predict BTO can achieve a
ZTmax of just 0.64 with n = 2.5 x 10" em™> and at T = 1800 K.

At 1000 K, we predict ZTy,ax of 0.560 for CTO, 0.535 for STO,
and 0.214 for BTO, all of which require n on the order of
10%* em 3. At lower temperatures of 400 and 600 K, we predict
much smaller ZT.x of 0.07-0.22 at 600 K and 0.03-0.09 at
400 K, which also require similarly large n. While the combi-
nation of a higher Seebeck coefficient but lower electrical
conductivity results in ~10-40% larger PFs at higher tempera-
tures, the increase in ZT with temperature is largely dominated
by a ~60% fall in the lattice thermal conductivity.

CTO and STO are predicted to have similar ZT due to a
balance of a ~30-40% larger PF in STO and a ~30% smaller
Klare i CTO. On the other hand, BTO is predicted to have a
lower Seebeck coefficient, conductivity and power factor than
the other two perovskites and a comparable ki, to CTO,
resulting in lower ZT. This comparison suggests the ZT of
CTO a could potentially be enhanced by improving the elec-
trical properties, specifically the conductivity, and the ZT of
STO could be improved by reducing the .

Given the relatively small anisotropy in the predicted elec-
trical properties and ., we predict that the ZT are relatively

1.0 1.2

10° 10° 10 102
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Doping Level [cm™3]

10° 10 102 10V

Fig. 5 Predicted thermoelectric figure of merit ZT of CaTiOs (a), SrTiO3 (b) and BaTiOs (c) as a function of doping level n and temperature obtained

using eqn (1).
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Table 4 Predicted average ZT of CaTiOs, SrTiOs and BaTiOs, calculated using egn (1), together with the associated temperature T, carrier concentration n,
Seebeck coefficient S, electrical conductivity o, power factor S%g (PF), and lattice, electronic and total thermal conductivity Kia, kel @nd kior. ZT Values are given at
four temperatures, viz. T = 400, 600 and 1000 K, corresponding roughly to the low-, medium- and high-temperatures outlined in ref. 86, and the minimum
temperature at which we predict ZT > 1 can be obtained (for BaTiOz we show the temperature at which the largest ZT is obtained)

K [Wm™ K]

T [K] n [em™?] zZT S[uv K] a[Sem™ 5% (PF) [mW m ™" K 7] K w2t Ktot
CaTiO; 400 7.5 x 10%° 0.09 —150 265 0.60 0.21 2.40 2.61
600 1 x 10%* 0.22 —168 240 0.68 0.27 1.60 1.87
1000 1 x 10* 0.56 —215 144 0.67 0.23 0.96 1.19
1640 5 x 10%° 1 —312 41.6 0.41 0.08 0.65 0.73
SrTiO; 400 7.5 x 10%° 0.08 —128 484 0.79 0.40 3.39 3.79
600 7.5 x 10%° 0.21 —169 322 0.91 0.37 2.31 2.68
1000 7.5 x 10%° 0.54 —219 193 0.93 0.33 1.40 1.73
1480 7.5 x 10%° 1 —256 128 0.84 0.29 0.95 1.24
BaTiO; 400 2.5 x 10%* 0.03 —93.6 265 0.23 0.24 3.31 3.54
600 2.5 x 10*! 0.07 —124 185 0.29 0.23 2.19 2.42
1000 2.5 x 10%* 0.21 —166 119 0.33 0.23 1.31 1.54
1800 2.5 x 10** 0.64 —218 70.3 0.33 0.21 0.73 0.93

isotropic (Fig. S16-S18, ESIt). In CTO, the ZT is largest along
the a direction and smallest along the b direction, at ~5-10%
larger and 10-15% smaller than the average value, respectively,
depending on the temperature. This is due to the anisotropy in
the electrical conductivity and power factor. In STO, the ZT is
6-8% larger than the average along the equivalent a and b
directions and ~10-15% smaller along the ¢ direction, due
largely to the anisotropy in the lattice thermal conductivity. In
BTO, on the other hand, the ZT varies by a more modest ~1-
5% and is largest along the equivalent a and b directions.

Despite the disagreement in some of the predicted electrical-
and thermal-transport properties to experiments, comparison
with the literature suggests the predicted ZT are very reason-
able. Ref. 30 investigated 20% La-doped CaTiO; with n =~ 2.0 X
10*° em~* and obtained ZT ~ 0.1 at T =300 K and 0.4 at T =
1100 K. With n = 2.5 x 10* em > and T = 300 K, we predict a
smaller ZT = 0.04, while at the higher 7= 1100 K we predict a similar
ZT = 0.45. We ascribe the discrepancy at low temperature to the
likely impact of the doping on reducing the k. Ref. 89 investigated
8% Pm-doped STO and obtained a ZT of 0.64 at 1200 K. While the
authors do not quote a carrier concentration, we obtain and a
similar ZT'= 0.68 with n =5 x 10*° cm™>. We were unfortunately not
able to find ZT values for n-type BaTiO; for comparison.

As noted above, comparison of the predicted electrical and
thermal transport properties to experiments suggests a ten-
dency for the calculations to overestimate the power factors and
underestimate the lattice thermal conductivities. This should
in principle lead to an overestimate of the ZT. The fact that the
predicted ZT are close to the experimental values therefore
suggests these discrepancies have a small impact on the
calculated figure of merit, at least at the higher temperatures
and n for which the largest ZT,,« are obtained.

4 Conclusions

In this work we have applied a fully ab initio approach to model
the electrical- and thermal-transport properties and

© 2024 The Author(s). Published by the Royal Society of Chemistry

thermoelectric figure of merit of orthorhombic CaTiOs;, tetra-
gonal SrTiOs, and rhombohedral BaTiO;. The differences in the
electrical properties are dominated by the electrical conductivity,
and the piezoelectric scattering enabled by the non-centro-
symmetric R3m spacegroup of BTO results in a significant suppres-
sion of the 0. We predict that doping levels on the order of
10*' em™* are required to obtain reasonable power factors, while
larger n have a detrimental impact on the Seebeck coefficients. The
lattice thermal conductivity plays an important role in determining
the ZT, with a steep temperature dependence resulting in the
benchmark ZT > 1 only being attained at high temperatures.
Analysis of the xi,; demonstrates that differences in structure and
chemical bonding, rather than the mass of the A-site cation, is the
key descriptor, and that the relatively high thermal conductivity of
STO is due to large phonon group velocities.

The relatively good agreement between our calculations and
experimental measurements, in particular for the predicted Z7,
demonstrates considerable promise for the application of our
workflow to other perovskites and oxides more generally. In
particular, our calculations suggest it is possible to make a
good estimate of the ZTy,,, and the carrier concentration and
temperature required to achieve it, which could provide an
indication of potential applications and whether the required
doping level is feasible. These calculations could therefore
serve as a valuable complement to experiments in the ongoing
search for high-performance oxide thermoelectrics. However,
for improved quantitative predictions it is likely to be necessary
to investigate the impact of the crystal structure in more
detail, and to establish the impact of dopants and vacancies
present at high concentrations (few at%) on the electrical and
thermal properties. We aim to explore both of these topics in
future studies.
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