¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Sr,Sb,05: a novel earth abundant oxide

’ '.) Check for updates ‘
thermoelectrict

Cite this: J. Mater. Chem. C, 2023,

11,9124

Luisa Herring Rodriguez, (2/° Kieran B. Spooner, (¢ Maud Einhorn® and

David O. Scanlon (&) 3

Thermoelectric devices are increasingly proving to be a viable energy recycling method, with oxide
thermoelectrics providing an earth abundant and non-toxic alternative to the materials traditionally used
in the field. This study conducts a detailed investigation into the thermoelectric properties of the ternary
wide band semiconductor Sr,Sb,O;, which has previously been synthesised under high temperature
conditions and shown to be thermally stable. Lattice dynamics calculations predict lattice thermal
conductivities below 1 W m™! K™ at temperatures above 1125 K. The Seebeck coefficient, electrical
conductivity and electronic component to the thermal conductivity were calculated via the explicit
calculation of the polar optical phonon scattering, acoustic deformation potential scattering and ionised
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impurity scattering rates within the AMSET code. The obtained results were combined to obtain a
maximum ZT of 0.536 at 1400 K, which when nanostructured to 10 nm was increased to 0.71, showing
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1 Introduction

The world’s demand for energy has seen a steep rise since the
1950s; increasing from 28.5 TW h to 173.3 TW h in 2019." There
has been an increase in the generation of energy through
renewable sources, but in the first quarter of 2020, these
accounted for only 28% of the total energy generated,” as most
still originated from traditional fossil fuel sources, the limitations
of which are well known. A relatively untapped source of
renewable energy is the recycling of excess heat energy.
Although the efficiency of power plants has been increased,
non-renewable energy sources still only operate with efficien-
cies ranging between 33 and 39%, with the remaining energy
being released as heat.> Moreover, household items and pro-
cesses such as cement production have efficiencies which range
between 12 and 68%.* The conversion of the released excess
heat into electricity is a huge potential source of renewable
energy while reducing our energy demands.’

Thermoelectric generators convert excess heat energy back
into electrical energy through the use of a temperature gradient.
This thermal gradient causes the charge carriers to diffuse from
the hot side to the cold side, creating an electrical voltage.
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its predicted potential to perform as a high-performance n-type oxide thermoelectric.

A thermocouple contains n- and p-type materials which are
connected electrically in series and thermally in parallel. The
effectiveness of a thermoelectric material is measured by the
dimensionless figure of merit, ZT:°

7T — w?eT
Klat 1 Kele
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where ¢ is the electrical conductivity, T is the absolute tempera-
ture, ki, and ke are the lattice and electronic contributions to
the thermal conductivity and « is the Seebeck coefficient, which
is the voltage generated per unit temperature difference, and the
principle behind thermoelectric devices:”"®
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where kg is the Boltzmann constant, m* is the charge carrier
effective mass, e is the charge on an electron and n is the carrier
concentration. To maximise the Z7, a high absolute Seebeck
coefficient is needed. This can be achieved when there is a low
concentration of heavy or poorly mobile charge carriers. Conversely,
the electrical conductivity has an opposite requirements:

2
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where 7 is the charge carrier lifetime, m* is their effective mass and
w is their mobility. To optimise this problem, materials are often
sought which conduct electricity like a single crystal but conduct
heat like an amorphous solid, referred to as “phonon-glass electron-
crystal” materials.” Here we also focus on high temperatures, where
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concentrated heat and higher efficiencies mean less material is
required,’®™** and non-toxic, earth-abundant elements, which
are more suitable for widespread use, in contrast to current
high-ZT thermoelectrics.>™*° Oxide thermoelectrics are gener-
ally non-toxic and stable in air, making them cheaper to
manufacture; and tend to possess superior chemical and
thermal stability across a wider temperature range. Research
into oxide thermoelectrics began in the 1990s with the discovery
that a single crystal of the of the p-type material NaCo,0, can
obtain a very high power factor (~50 pW m " K 2) at 300 K.*°
Since then, p-type oxide thermoelectric materials have been
studied extensively and a range of materials with ZT values
above 1 have been found.”' >

Recent studies have also shown some promising results for
n-type thermoelectric materials, including SrTi, sNb, ,0; which
obtained a ZT of 0.37 at 1000 K,>* Sry ¢,La, 0sTiO; which also
obtained a ZT of 0.37 at 1045 K** and Sr,_3,La,TiO; with x

2

between 0.125 and 0.175 which achieved a ZT of 0.41 at 973 K,?°
all of which were obtained experimentally. Effective thermo-
couples need both the n-type and p-type components to have
high ZT values. As seen by the above mentioned recent studies,
the ZT for n-type materials are significantly lower, showing the
need for further study in this area.

Transparent conducting oxides (TCOs), in particular, have
been suggested as a subclass of oxides with great potential as
thermoelectrics. As their name suggests, they are electrically
conducting, fulfilling one of the criteria for a thermoelectric.
Studies into TCO thermoelectric devices have shown high PFs,
with the lattice thermal conductivities being the main contri-
butors to the ZTs recorded being as low as 0.04.>” In particular,
TCO materials which have cations with an empty s-orbital in
their conduction band have been shown to have dispersive
conduction band minima and thus high electrical conductivities.
These dispersive bands indicate the potential low effective mass of
electrons, which if doped can lead to n-type behaviour. The result
is a high conductivity but a low Seebeck coefficient, highlighting
how challenging it is to find materials which balance both
properties. Studies have started looking at complex metal oxides
as a way of reducing the lattice thermal conductivity while
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maintaining the advantages presented above. Materials with hea-
vier cations embedded into these complex structures have been of
particular interest as they have been shown to reduce phonon
lifetimes and hence the material’s lattice thermal conductivity.*®

To date the most successful experimentally observed n-type
TCO thermoelectric is the doubly doped ZnO ceramic
7N 06Al0.02Ga0 0,0 With a maximum Z7T of 0.65 at 1247 K.*°
The main aspect of this material which enhances its properties
to make it a successful thermoelectric is the inclusion of
dopants in the structure which reduces the lattice thermal
conductivity with respect to that of the undoped structure.
The structure was also nanostructured with the same purpose.
It was reduced from 40 and 7 W m ™' K™ for Zng ggAly 0,0 to 21
and 5 Wm ! K for Zng ¢6Alp.0,Ga0.0,0 at 300 K and 1100 K,
respectively. This reduction in the lattice thermal conductivity
increased the ZT from 0.36 to 0.65, showing its drastic effect.

The development of Zng ¢6Aly02Ga0 0,0 is a step in the right
direction however it still does not compare to some of the available
ptype thermoelectric materials. Examples include Bigg4Pbyg 6.
Cug goFe.0:5e0 which reached a ZT of 1.46 at 873 K and other
doped forms of BiCuSeO, highlighting the need for further study
into n-type oxide thermoelectrics.** >

This work focuses on Sr,Sb,0; as a potential thermoelectric.
Sr,Sb,0; ticks many of the boxes for a good TCO thermo-
electric. It is a complex metal oxide with an Imma (74) structure
composed of heavy cations (Sb>" and Sr**), with the corner and
edge sharing Sb-O and Sr-O polyhedra creating a 3D network
in the unit cell, shown in Fig. 1. This 3D complex structure
should reduce phonon lifetimes while maintaining a good
electrical conductivity, as electrons will be conducted via the
connectivity of the Sb-O octahedra. The polyhedra can be
further divided into two different types for each cation. The
Sb-O octahedra can be classified as elongated and compressed
octahedra and are shown with their varying bond lengths in
Fig. 2. The Sr-O polyhedra differ more significantly between
themselves. They are both bonded to eight oxygen atoms,
however the first type forms a cube-like structure, whereas
the second forms a hexagonal bipyramid structure. Both of
these are depicted in Fig. 3. The cube-like polyhedra are

Fig. 1 The Sr,Sb,O; conventional unit cell. The strontium atoms are denoted in blue, the antimony atoms in green, and the oxygen atoms in orange. The
grey polyhedra correspond to Sb—O octahedra and the pink polyhedra show the connectivity of the Sr—O atoms.
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Fig. 2 The distorted SbOg octahedra with the Sb—O bond lengths as
calculated with the hybrid functional PBEO. The outer octahedra are the
compressed octahedra located on the Sb octahedral holes along the x axis

and the faces of the cell on the y axis. The central octahedron is elongated
and found on Wycoff positions 4c.

connected via edge sharing and the hexagonal bipyramid
polyhedra are connected via corner sharing. The two types are
connected to each other via edge sharing. Moreover, the Sb>"
cations have empty 5s° orbitals which should provide a 3-D
electronic pathway for a high electrical conductivity.

Some materials with similar electronic structures to Sr,Sb,0O-
have been studied recently and have shown great potential. These
include ZnSb,0,** BaBi,Os°! and o-Bi,Sn,0,.>> ZnSb,0, was
studied with a focus on its TCO properties and was shown to
have a high conductivity when doped with gallium. BaBi,Og Was
recently shown to have potential as an oxide thermoelectric except
for its high lattice thermal conductivity.>* BaBi,O, ticked the
necessary criteria for a good thermoelectric, including a cation
with an empty s orbital, and a network of Bi-O octahedra.
Unfortunately, its structure was not stable at high temperatures
and it only yielded a ZT of 0.22 at 600 K. Sr,Sb,0, has a more
complex structure than that of BaBi,Og, and could therefore have
a lower lattice thermal conductivity. o-Bi,Sn,0; also ticked most
of the necessary criteria for an effective thermoelectric. The CBM
of 0-Bi,Sn,0; was also composed of an empty s orbital and its
complex crystal structure gave it a low lattice thermal conductivity.
However, it had a low temperature stability, which meant it was
predicted to only serve as a room temperature thermoelectric with
a ZT of 0.36 at 385 K.

Fig. 3 The two types of SrOg polyhedra with the Sr—O bond lengths as
calculated with the hybrid functional PBEO. The Sr atoms making the
cube-like polyhedron on the left are located on Wycoff positions 4d in the
unit cell. The Sr atoms making the hexagonal bipyramid polyhedron seen
on the right, are located on the edges, corners and in the centre of the cell.
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Sr,Sb,0- has been studied a number of times with a focus
on its photocatalytic properties. It was first investigated for its
potential as a UV-photocatalyst in a water splitting mechanism;
where it was proposed that the distorted SbOg octahedra, which
can be seen in Fig. 2, were the source of its photocatalytic
efficiency.® However, they presented no evidence which specifically
indicated the involvement of the octahedra in the electron-hole
splitting mechanism.”” Lin et al. investigated the photocataytic
ability of Sr,Sb,0, and Ca,Sb,0, for the degradation of methyl
oralnge.38 They also pointed at Sr,Sb,0;’s more distorted octahedra
and open structure as the reason for higher efficiency under UV
radiation.

To the best of our knowledge this is the first study into Sr,Sb,0-,
with a focus on its potential as an n-type oxide thermoelectric.

2 Computational methodology

This study used Density Functional Theory (DFT) within the
Vienna ab initio simulation package (VASP).>*"** The projector
augmented-wave (PAW) pseudopotential method was used to
take the interaction between the core and valence electrons into
account.*>** The kinetic energy cutoff for the plane-wave basis
set and the k-point mesh were converged at 500 eV and a 3 X
3 x 3 I'-centred k-point grid to within 0.01 eV per atom. The
convergence of the plane wave cut off and k-point mesh can be
found in Fig. S1 (ESI{). A more dense 7 x 8 x 8 I'-centred mesh
was used for all density of states (DOS) calculations. The
Perdew-Burke-Ernzerhof Generalised Gradient Approximation
(GGA) for solids (PBEsol)*>*® was used in all lattice dynamics
calculations, as it has been shown to be accurate but cheap for
these calculations.”’” This includes calculations to obtain the
lattice thermal conductivity, ionic dielectric constant, piezo-
electric coefficient, elastic constant and polar optical phonon
frequency. The hybrid functional PBE0*®*®*® which uses 25%
Hartree-Fock exchange correlation was used for all DOS, band
structure (BS), and high-frequency dielectric constant calculations.
PBEO has been proven to accurately calculate the electronic struc-
ture properties of solids to match experimental work and elim-
inates the band gap underestimation seen when GGA functionals
are used.>

The structure of Sr,Sb,0;, was optimised so the force on each
atom was less than 0.01 eV A™* and the total electronic energy
converged to less than 1 x 10~° eV, with a larger cutoff energy
of 650 eV to avoid basis set errors arising from Pulay stress.>"

Computational studies into n-type oxide thermoelectrics
have generally been carried out using the constant relaxation
time approximation (CRTA) which has now been shown to lead
to significantly overestimated ZTs.>> For this reason, the elec-
tronic transport properties including the conductivity, Seebeck
coefficient and electronic thermal conductivity were calculated
using the package AMSET.>> AMSET provides insight into the
contributions to the transport properties from four scattering
types including; the polar optical phonon scattering (POP), acous-
tic deformation potential scattering (ADP), ionised impurity scat-
tering (IMP) and the piezoelectric scattering (PIE). These fit into

This journal is © The Royal Society of Chemistry 2023
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the ZT equation through the electrical conductivity given in
eqn (3) where " is the scattering rate, meaning that lower total
scattering rates should lead to higher electrical conductivities and
higher ZTs.

The parameters required as input for AMSET were calculated
as follows: DFPT (density functional perturbation theory) with
the GGA functional PBEsol was used to calculate the polar-optic
phonon frequency, elastic constant and ionic dielectric con-
stant. Hybrid first principles calculations were used to obtain
the deformation potential and high frequency dielectric con-
stant, which was added to the ionic dielectric constant to obtain
the static dielectric constant. These values can be found in
Table S1 (ESIT). Once the transport properties were calculated,
they were converged with respect to interpolation factor, and
this can be seen in Fig. S2 (ESIT).

Lattice dynamics calculations were carried out using the
Phonopy package, which uses a supercell approach with finite
displacements to calculate the second order force constants.”*>*
The supercell size was converged with respect to the phonon
dispersions along the high symmetry points of the Brillouin zone
of the primitive cell. A 2 x 2 x 2 supercell with 198 atoms, was
visually deemed as converged, and can be seen in Fig. S3 (ESIt).
The atom contributions to the lattice dynamics were determined
from the atom-projected phonon density of states which was
calculated using Fourier interpolation. The lattice thermal con-
ductivity was calculated using the Phono3py package which also
uses a supercell approach to calculate the third order force
constants.” A 198 2 x 2 x 2 supercell with 21 140 displacement
calculations was also used to calculate the third order force
constants. The plots in this paper were plotted with sumo®® and
ThermoPlotter>” and the structures are plotted with vesta,’® all of
which are open source software.

3 Results and discussion
3.1 Structure and geometry

Sr,Sb,0 has a 22 atom primitive unit cell which crystallises in
the Imma (74) space group. It is composed of two types of SbOg
octahedra which create a 3D network across the lattice. The
bond lengths for the distorted octahedra are reported in
Table 1. The unit cell has elongated octahedra located in the
tetrahedral holes, while the compressed octahedra are located
on the octahedral holes and the faces of the cell and are all
connected via corner sharing. An example of the octahedra with
their bond lengths can be seen in Fig. 2. The starting structure
was obtained from the MaterialsProject database where the
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structure was relaxed with PBE.>® Table 1 also shows the relaxed
lattice parameters obtained using the PBEsol and PBEO func-
tionals used in this study and in experiment. The lattice
parameters obtained using the PBEO functional are in all cases
closer to those obtained in experiment than those calculated
with PBEsol.

3.2 Electronic structure

The electronic structure was calculated using the hybrid functional
PBEO from the optimised bulk geometry and plotted with sumo
and can be seen in Fig. 4.°° The valence band maximum (VBM) is
primarily composed of oxygen p-orbitals, a behaviour typical in
oxides. The conduction band minimum (CBM) is dominated by
antimony s orbitals, giving the disperse character needed for a good
electrical mobility, as seen in other TCO materials.””

The PBEO-calculated direct band gap is 4.45 eV at the I point
and the indirect band gap between the T and I point is 4.08 eV,
making it transparent, in contrast to the PBEsol results of
1.95 eV and 1.60 eV respectively. Two different experimental
values for the optical band gap have been reported, which have
both been collected using UV-vis diffuse reflectance spectra. The
values range between 4.1°° and 3.86 eV.*® The difference between
the two reported values stems from the crystallinity of the
samples which the spectra were carried out upon. The Sr,Sb,0,
sample carried out by Chen et al. which reported an optical band
gap of 4.1 eV, was synthesised via a hydrothermal method and
resulted in crystals with an average size of 23.9 nm. The sample
tested by Lin et al., on the other hand, was prepared via a solid
state reaction method and resulted in an average crystallite size
of 300 nm and with a band gap of 3.86 eV. Absorption spectra
vary significantly depending on the quality of the sample.
Crystallite size and thickness play major roles in the accuracy
of the observed results. As such, the larger crystal size obtained
by Lin et al. seems to suggest their reported optical band gap to
be the more reliable one. By comparison, PBEsol majorly under-
estimates the band gap, with an indirect band gap of 1.60 eV, a
direct band gap of 1.95 eV and an optical band gap of 1.94 eV.

There are a range of reasons for the difference between the
optical band gap calculated by Lin et al. and our calculated value
of 4.49 eV. Excitonic effects can occur when the band edges are
flat and result in the lowering of the adsorption energy onset.
Another possibility is that vibrational effects, introduced due to
the measurements being carried out at room temperature, lower
the optical band gap. Finally, it has recently been shown that the
PBEO functional can slightly overestimate band gaps by 3%.** All
these factors may contribute to the discrepancy observed between

Table 1 Lattice parameters of Sr,Sb,O; and Sb—O bond lengths in the elongated and compressed SbOg octahedra calculated with PBEsol, PBEO and

experimentally

Parameter (A) PBEsol PBEO Experiment>®
a 7.492 7.448 7.456
b 10.401 10.366 10.371

7.711 7.702 7.686

c
Elongated octahedra Sb-O bond lengths
Compressed octahedra Sb-O bond lengths

2.0220 (x2); 1.9912 (x4)
1.9453 (x2); 2.0384 (x4)

This journal is © The Royal Society of Chemistry 2023

2.0017 (x2); 1.9712 (x4)
1.9225 (x2); 2.0197 (x4)

2.0479 (x2); 2.0091 (x4)
2.0330 (x2); 2.0219 (x4)
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Fig. 4 The electronic band structure showing the band energy levels
along the high symmetry paths in the Brillouin zone, where the conduction
bands are shown in orange and the valence bands in blue. The density of
states on the right show the orbitals with the most significant contributions
at the different energies.

our calculated and the reported optical band gaps. As the values
are still within a 5% error margin, the PBEO functional is deemed
to provide sufficient detail for this study.

The curvature of the bands gives the inverse of the charge
carrier effective mass, which is calculated by sumo using
parabolic band fitting with a k-point range of 0.0322. The
valence band maximum is flat resulting in a moderate hole
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effective mass of 1.39 m.. Typical transparent conductors have
effective masses with values below 1 m.. As Sr,Sb,0; is expected
to be n-type in nature, the electron effective mass is of more
interest. The bands at the conduction band minimum (CBM)
are considerably disperse, with a low mass of 0.34 m,, and
suggesting that a high conductivity is possible if effectively
doped. The R and X point represent points of high symmetry at
(0, 0.5, 0) and (0.5, —0.5, 0.5) in the Brillouin zone. This
translates to the electron mobility being particularly high
between the x and y axis and across the diagonal of the unit
cell respectively.

Efficient thermoelectric materials need to display metal-like
conduction. A way to determine this is by using the Mott
criterion, nyor, @ value which gives the carrier concentration
above which this requirement will be satisfied. It can be
calculated from the electron and hole effective masses via the
band structure as follows:*'

3 2
IMott > (%) , where ay = dricof and 1 = 1 + 1
do

m*e? me o m

a, is the effective Bohr radius and ¢, is the static dielectric
constant. Sr,Sb,0, has a Bohr radius of 2.57 x 10" ° m and a
Mott criterion of 1.03 x 10'® em™>. This means that the ZT will
only reach significant values above this carrier concentration
and is the minimum needed when doping the material.

Carrier Concentration (cm™)

1.0e+18

100 L

Seebeck Coefficient (uV K™)

250 500 750 1000 1250
Temperature (K)

—_
T
\
1
\
\
\
\
\

—
o
T
\
\
\
\
\
\
\
\
1
\
\
\
|
1
\
!

4
<
:

o
N

Elec. Therm. Cond. (W m™' K™

250 500 750 1000 1250
Temperature (K)

-300|

-450 1

Power Factor (uW ecm™ K™)
IS

1.2e+19 ® 81et+19 ® 10e+21

=150

250 500 750 1000 1250
Temperature (K)

N
o
T

—
w1
T

w1
T

o, ‘ . .
250 500 750 1000 1250
Temperature (K)

Fig. 5 Calculated transport properties with respect to temperature at a range of carrier concentrations calculated with AMSET (in the solid line) and the
constant relaxation time approximation (CRTA) (in the dashed line), highlighting the effect of the two methods.
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3.3 Transport properties

Fig. 5 shows the conductivity, Seebeck coefficient, electrical thermal
conductivity and power factor (PF) versus temperature at different
carrier concentrations. The PF is the combination of the Seebeck
coefficient and the electrical conductivity. The PF is often used for
easier comparison between different materials, due to the complex
relationship between the Seebeck coefficient and electrical con-
ductivity. The solid lines represent the direction-averaged values
obtained when using AMSET and the dashed ones represent those
just calculated using the CRTA (constant relaxation time approxi-
mation). There is a small degree of anisotropy, with power factor in
the z direction being about 8% lower than in the x and y directions
at high temperatures due to a small reduction in both electrical
conductivity and Seebeck coefficient, as shown in Fig. S4 (ESIT).
The discrepancies between the values obtained with AMSET and
the CRTA are seen particularly in the bottom right hand graph
showing the power factor, highlighting the necessity to explicitly
calculate the scattering rates as the CRTA significantly overesti-
mates the conductivity and electrical thermal conductivity, which
leads to higher PF values and thus an overestimation of the ZT.

To put these results into context with other calculated
thermoelectric properties we highlight a study into the thermo-
electric response of Sr;_,La,TiO; by Okuda et al®® SrTio,
obtained a Seebeck coefficient of ~—350 pvV K~ * at 300 K which
decreased in magnitude to ~—75 pV K ! for SrygLay,TiOs. It is
however easier to compare the power factors, which at room
temperature ranged between 28 and 36 uW cm ™" K2 with carrier
concentrations between 0.2 and 2 x 10*' em ™ for their range of x
values. At our target high temperature range of 1000-1400 K,
Sr,Sb,0, obtained values between 1.78 and 1.79 pW cm ™' K2 for
carrier concentrations of 10 x 10" to 10 x 10>* ecm™>. This is
significantly lower than that obtained by Okuda et al, however
that report calculated the transport properties using the CRTA,
which as can be seen by the dashed lines, yields a much higher
range of values than those calculated with AMSET.

The relationship between the scattering rates and the elec-
trical conductivity can be seen by comparing Fig. 5 and 6. As

IMP ADP
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N
T
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expected, as the temperature increases, the total scattering rate
increases too. The inverse relationship between the scattering
rate and the conductivity is highlighted as the conductivity
decreases with increasing temperature when calculated with
AMSET. This is due to there being increased electron scattering
at higher temperatures which reduces the conductivity.

Fig. 6 also provides insight into the contributions from the
different types of scattering rates in Sr,Sb,0,. The predominant
type of scattering is POP scattering. POP scattering tends to
originate from the vibrations of the optical phonon modes creat-
ing dipoles which are then scattered across the crystal structure.
Optical vibrations result from the out-of-phase motion of atoms in
the system. This indicates that the charge carriers are mainly
scattered through the out of phase motion of atoms. As previously
mentioned, phonon scattering increases with temperature, while
the scattering rate decreases with increased carrier concentration,
explaining the higher conductivity. At low carrier concentrations,
POP is the main scattering type, ADP (acoustic deformation
potential) and IMP (ionised impurity scattering) become more
significant as the number of charge carriers increases.

Acoustic deformation potential scattering is caused by the
coupling of electrons with acoustic phonons. Lattice vibrations
cause the displacements of atoms from their lattice sites,
modifying the band structure. This modification causes elec-
trons in the conduction band edge to interact with the phonons
and scatter them. This explains the steep increase in ADP
scattering as the carrier concentration increases, as this will
result in a larger number of electrons in the conduction band
which can couple with phonons. Similarly, increasing the
temperature results in more lattice vibrations and also results
in higher quantities of excited electrons due to higher thermal
energy in the system. IMP scattering is dominated by the
presence of charged defects which, in an n-type material, will
scatter electrons in the lattice. Higher carrier concentrations
will also lead to more electrons being scattered and to IMP
scattering to become more relevant, until it plateaus. IMP is
relatively temperature independent.

Rate
POP Total CRT
1015 L
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Fig. 6 Contributions from the ionised impurity scattering (IMP), acoustic deformation potential scattering (ADP) and polar optical phonon scattering
(POP) at (a) increasing temperatures at a carrier concentration of 1 x 102° cm™ and (b) at increasing carrier concentrations at 1400 K.
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AMSET also includes contributions from piezoelectric scat-
tering, however, this tends to originate from a lack of a centre of
inversion in the unit cell, which Sr,Sb,0; has, clarifying why it
is not present in this system.

3.4 Phonon dispersion and density of states

The phonon band structure and PDOS can be seen in Fig. 7 which
was calculated with Phonopy and plotted with ThermoPlotter.>*
The phonon band structure is calculated via 20 finite displace-
ments on a 2 x 2 x 2 supercell, with 176 atoms, and using the
PBEsol functional. The primitive cell contains 22 atoms, resulting
in 3N = 66 phonon bands at each wavevector. Imaginary modes,
indicating dynamic instability would appear as modes with a
negative frequency. There are no such modes, indicating that
Sr,Sb,0; is dynamically stable.

Similar to the charge carrier mobilities in the electronic band
structure, phonon group velocities are given by the gradient of
the bands. Good thermoelectric materials have low phonon
group velocities in order to minimise the lattice thermal con-
ductivity. The phonon band structure shows mostly flat modes.
The PDOS gives insight into which atoms contribute to the group
velocities. The three bottom modes, also known as acoustic
modes which at the I" point correspond to translations in the
x, y and z directions, are dominated by the heavy Sr** cations.
The optical modes correspond to the rest of the higher energy
modes. These tend to have significant contribution from oxygen.
The plot also shows the phonon lifetimes as a colour gradient
with the longer lifetimes appearing as yellow, while the short
lifetime phonons are denoted in blue. It is clear that the longer
lifetimes are correlated to the phonon group velocities as the
larger phonon gradients also correspond to the longer lifetimes.
This said, the lifetimes are still comparatively small compared to
those seen in other materials, for example, LaZnOP and LaZ-
nOAs have phonon lifetimes which range between 10 x 102
and 10 x 10~ ° 5.

The phonon band gap between 14.8 and 17 THz originates
from the contrast in molecular mass of the oxygen and the heavier
strontium and antimony atoms. This band gap has been proven
to reduce the thermal conductivity of materials by flattening the
phonon modes and reducing the group velocity.”®® There are also

— Sr Sb (0]
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———
AZO § 2 .
N < 600 e .
Z 15k S )
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o = 1400 8 E
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- = :z 1200 &=
0 0
R r X S W T DoS
Wavevector

Fig. 7 Phonon band structure along the high symmetry points of the
Brillouin zone of Sr,Sb,O7 and the atom-projected density of states.
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some avoided crossings between the acoustic modes near the I
and R and X points and the low energy optical modes. These
avoided crossings have been shown to also reduce the phonon
group velocities and hence reduce the thermal transport abilities
of the material.®”*® Avoided crossings are common when heavy
atoms are present, and are often described as displaying ‘rattling’
behaviour by scattering phonons.”® They have also been suggested
to originate from symmetry-forbidden transitions.”" Finally, the
high density of the optical modes between 5 and 14.7 THz, which
is often seen in complex crystal structures, has been shown to
provide scattering channels for the high velocity acoustic modes;
further reducing the lattice thermal conductivity.*>

3.5 Lattice thermal conductivity

The lattice thermal conductivity can be seen in Fig. 8. Like
Phonopy, Phono3py uses a supercell approach to obtain third
order force constants. As described in Section 2,a2 x 2 x 2 cell,
with 176 atoms and 21140 displacements was used to obtain
the third order force constant. The lattice thermal conductivity
was converged with respect to g-point mesh at 1000 K, and this
can be seen in Fig. S5 (ESIT). All calculations were carried out
with the PBEsol functional. The plot shows that Sr,Sb,0, has a
moderate lattice thermal conductivity. The lattice thermal con-
ductivities are almost the same in the x and y directions
whereas it is lower in the z direction.

Fig. 10 shows the contributions to the phonon projected
density of states (PDOS) divided into the different type of cation
polyhedra described in the introduction and demonstrates that
the first peak at 2 THz corresponds to the cube-like Sr-O
polyhedra and is aligned with the very flat bands in the phonon
band structure. This suggests that the direction which contains
more cube-like Sr-O polyhedra will have a low group velocity
and thus a low lattice thermal conductivity. Fig. 9 depicts the
polyhedra from the different axis of the conventional unit cell,
demonstrating the polyhedra are more densely packed in the
z axis, explaining its lower lattice thermal conductivity.
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=
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Fig. 8 Calculated lattice thermal conductivity with respect to tempera-
ture in the x, y and z directions of the lattice, where the values obtained for
x and y are almost identical.
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Fig. 9 The conventional cell of Sr,Sb,O7 with only the cube-like Sr—O polyhedra shown viewed from the (a) x-axis, (b) y-axis and (c) z-axis.

The difference between the directions decreases with increasing
temperature. This can be attributed to the higher vibrational energy
associated with higher temperatures, which will result in the
phonons being scattered more equally in all directions. Moreover,
the difference between the values obtained for the different direc-
tions is small enough to be inconsequential in a real world setting,
where the average lattice thermal conductivity dominates. The
lattice thermal conductivity reaches values below 1 W m™* K " at
temperatures above 1125 K which is much lower than many of the
well known n-type oxide thermoelectrics, including Sr;_ 3,/,La,TiO3
which obtained a ZT of 0.41 at 973 K with a lattice thermal
conductivity of 2.5 W m™* K *2® and Cagg,Big0sMNCug 0,05_s
which had a lattice thermal conductivity of 1.5 W m™* K ' at
1073 K and obtained a ZT of 0.44.”?

Fig. 11 highlights the potential reduction in lattice thermal
conductivity if Sr,Sb,0, were nanostructured to 10 nm. This
dimension was chosen as it was successfully synthesised to an
average crystallite size of 6 nm in 2008.”° This shows the sig-
nificant effect nanostructuring could have on the lattice thermal
conductivity by reducing it to a maximum of 0.72 W m ' K" in
the c¢ direction. It is interesting to note however, that although the
lattice thermal conductivity in the z direction is lower at higher
mean free paths, it is higher than in the x and y directions at
mean free paths between ~1 nm and ~50 nm. This suggests
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Fig. 10 Phonon band structure with the projected density of states
divided into the different types of cation polyhedra.
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Fig. 11 The lattice thermal conductivity in the x, y and z direction plotted
with respect to the phonon mean free path. The horizontal line corre-
sponds to 10 nm, showing the potential reduction in lattice thermal
conductivity if Sr,Sb,O; were nanostructured to 10 nm at 1000 K.

there are more low mean free path phonons which travel in the z
direction than in the x and y directions.

3.6 Thermoelectric properties

The above properties are combined to obtain the Z7 for a range
of temperatures and carrier concentrations as seen in Fig. 12(a)
in the form of a heatmap. The average ZT is plotted, with a
maximum Z7T of 0.596 at 1400 K and 8.11 x 10*° cm™?, which
breaks down to 0.584, 0.578 and 0.626 in the x, y and z directions
respectively. The ZT compares well to the previously mentioned
champion Zng oAl .0,Gag 0,0 With a ZT of 0.65 at 1247 K.*°

For comparison, the ZT was also calculated with the CRT
and can be seen in Fig. S6 (ESIT). The maximum ZT obtained
with this method is of 1.6, which would make it the best n-type
oxide thermoelectric to date. This highlights the extent to
which the CRT overestimates ZTs.

3.7 Nanostructuring potential

Fig. 11 showed the potential of nanostructuring on the lattice
thermal conductivity at 1000 K. Nanostructuring reduced the
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Fig. 12 Plot showing the ZT as a colour gradient along changing carrier concentrations and temperatures (a) in the z direction with a maximum ZT of
0.536 at 1400 K and 8.11 x 10* cm~> and (b) directionally averaged with a maximum ZT of 0.71 at 1400 K and 4.33 x 10'° cm™> when nanostructured to

10 nm.

lattice thermal conductivity by 50% at 1000 K and by 45% at
1400 K. It reached values below 1 Wm ™" K" in all directions at
temperatures above 475 K. The full plot of the lattice thermal
conductivity vs. temperature, when nanostructured to 10 nm can
be seen in Fig. S7 (ESIf). Moreover, this reduction in lattice
thermal conductivity does not take into account the phonon
scattering contribution from potential external dopants, which
will further reduce it. This means that this is still an upper limit,
and further decreases in kj, may be possible. The reduction in
lattice thermal conductivity often results in an increase in the
maximum Z7T.”* To test the effect it would have on the transport
properties, AMSET was rerun with nanostructuring to 10 nm
included. It was seen that the electronic transport properties
reduced, resulting in a power factor reduction of around 15%
under optimal doping and temperature (Fig. S8, ESIT), but this is
much less than the effect on the thermal conductivity. These
transport properties were used to calculate the ZT plot seen in
Fig. 12(b). Nanostructuring to 10 nm would lead to a ZT of
0.71 at 1400 K and a carrier concentration of 4.33 x 10'® cm™>.
This increase could make Sr,Sb,0- a world leader in the field of
n-type oxide thermoelectrics.

4 Conclusions

In this computational thermoelectric study we have shown the
necessity of using approaches which go beyond the constant
relaxation time to ensure a more realistic estimation of the ZT.
The structural, electronic, electronic transport and lattice
dynamic properties were calculated to assess the thermoelectric
potential of Sr,Sb,O, using DFT. The electronic properties
showed that the material is transparent with a direct and
indirect band gap of 4.45 eV and 4.08 eV, respectively. Analysis
of the individual scattering rate contributions to the electronic
transport properties showed that polar optical phonon scattering
is the predominant type of scattering. This was related to the fact
that most of the lattice thermal conductivity originates from the
Sr** cations in the lattice, which also contributed the most to the

9132 | J Mater. Chem. C, 2023, 11, 9124-9134

phonon group velocities. Its lattice thermal conductivity reached
avalue below 1 Wm ™' K ' at temperatures above 1125 K, which
was significantly lower than other materials which obtained ZT
of ~0.4 at similar temperatures. Sr,Sb,O, has shown huge
potential as an oxide thermoelectric with a current predicted
maximum ZT of 0.536 at 1400 K and a carrier concentration of
8.11 x 10" cm . When nanostructured to 10 nm, the ZT is
predicted to increase to 0.71 at 1400 K and 4.33 x 10'° em?,
which puts it above the current champion, doubly doped ZnO
which has a ZT of 0.65 at 1100 K. If dopable, this could make
Sr,Sb,0; the new leader of n-type oxide thermoelectric materials.
The next step is to fully examine Sr,Sb,0,’s defect chemistry to
determine whether n-type doping is possible and whether the
carrier concentrations needed to reach the maximum Z7T are
achievable.
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