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Abstract

Thermoelectric materials offer the possibility of enhanced energy efficiency due to
waste heat scavenging. Based on their high temperature stability and ease of synthesis,

efficient oxide-based thermoelectrics remain a tantalising research goal, however, their
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current performance is significantly lower than the industry standards such as BisTes
and PbTe. Among the oxide thermoelectrics studied thus far, the development of
n-type thermoelectric oxides has fallen behind that of p-type oxides, primarily due
to limitations on the overall dimensionless figure of merit, or ZT, by large lattice
thermal conductivities. In this article, we propose a simple strategy based on chemical
intuition to discover enhanced n-type oxide thermoelectrics. Using state-of-the-art
calculations we demonstrate that the PbSbyOg-structured BaBisOg represents a novel
structural motif for thermoelectric materials, with a predicted ZT of 0.17-0.19. We
then suggest two methods to enhance the ZT up to 0.22, on par with the current best
earth-abundant n-type thermoelectric at around 600K, Sr'TiO3, which has been much
more heavily researched. Our analysis of the factors that govern the electronic and
phononic scattering in this system provides a blueprint for optimising ZT beyond the

perfect crystal approximation.

Introduction

Society is facing ever increasing energy demands due to our inexorable dependence on tech-
nology, whilst urgently needing to stop global heating caused largely by the carbon emissions
of those demands. ! Tt is therefore imperative that we innovate in the area of renewable energy
technologies, to ensure a sustainable climate for future generations. Thermoelectrics, mate-
rials that can generate a voltage driven by a temperature gradient, are especially interesting
as 50 % of generated energy is wasted as heat.? They could therefore significantly reduce
our energy demands by recycling some of this waste, on top of providing a new avenue for
sustainable energy generation.

The efficiency of thermoelectric materials is quantified using the dimensionless figure
of merit, ZT = S?0T/(Kele + FK1at), Where S is the Seebeck coefficient, o is the electrical
conductivity, T' is the absolute temperature, and k.. and k4 are the electronic and lattice

contributions to the thermal conductivity, respectively. Maximising Z7T' is not a simple task,



as there are a number of competing terms in the equation. As the electrical conductivity
of a material is increased, so too necessarily is the electronic contribution to the thermal
conductivity, as kee ~ LoT, where L is the Lorenz number.?® Similarly, to achieve a high
electrical conductivity, it is preferable to have a semiconductor with a reasonable dispersion
of the band edges, so that charge carriers will have high mobility. Conversely, to achieve
a high Seebeck coefficient, flatter (non-disperse) band edges are preferable, meaning that
maximising the so-called power factor (given by S%¢) is also problematic. Therefore strategies
have evolved to try to find a “phonon-glass electron-crystal”, i.e. a material that conducts
electricity like a single crystal but conducts heat like an amorphous solid.*

In the past decade, research breakthroughs have seen lab-based thermoelectric materials
punch through the Z'T" = 2 ceiling, however, these systems are normally based on compounds
such as PbTe®? or BiyTes'® which contain rare or toxic elements. Earth abundant alterna-
tives have been emerging, including SnSe which has yielded the highest ZT" measured thus
far of 2.6,1' however widespread adoption of SnSe in industrial modules is still a long way
off. Oxide thermoelectrics, which can be comprised of non-toxic elements, stable to high
temperatures and stable in air, have been heavily studied since 1997, when Terasaki first
reported a large thermopower in p-type Na,CoQOs.!2 Over the past two decades, development
of p-type oxide thermoelectrics has seen the maximum reported ZT rise to ~1 for Na,CoOq
at 800K in air in 2001,'® and to 1.1 for BiySr2C020, at 973K in air in 2002.'* More re-
cently, computational work on the mixed anion oxyphosphides LaZnOP and LaZnOAs have
predicted p-type ZT's of 2.10 and 1.92 respectively at 1000 K,'® although this is yet to be
experimentally confirmed.

Efficient all oxide thermoelectric modules, however, need both p-type and n-type oxides
with high figures of merit, and thus far the development of a high performance n-type
thermoelectric oxide is the limiting factor.'® Perovskite structured oxides such as SrTiOs;
and CaMnQOj3 have received a large amount of attention, however the Z7T for SrTiO3 has

only reached 0.37 at 1000 K with Nb doping;!® while the ZT of CaMnOj3 based compounds



languishes at 0.2 for Cag 9Dy 1MnO3z and CaggYby1MnOs, both at 1000 K.'” The limiting
factor for both has been shown to be the large lattice thermal conductivity.'®! In fact a
recent study by Daniels et al. used the concept of cation mutation to transform SrTiOj3 to
LagsNag 5 TiO3 in an effort to reduce the lattice thermal conductivity. 2° This cation mutation
successfully reduced the lattice thermal conductivity by 80 %, however the maximum ZT
achieved for LagsNag5TigsNbg203 peaked at 0.2 at about 800 K.

Another strategy for designing n-type thermoelectrics has been to test the materials
currently used as transparent conducting oxides (TCOs), such as InyO3 and ZnO. These

0 electronic structure of the cation states,

wide band gap oxides, which share an np® ns
show high conductivities when donor doped. The np® ns’ electronic structure yields a
very dispersive conduction band, which ensure low effective masses of the charge carriers.
This ensures a high electrical conductivity when degenerately doped, however the Seebeck
coefficient is lower than that seen for p-type oxide thermoelectrics. ZT's for Al-doped ZnO
have reached 0.3 at 1273 K,?! whereas those for for Ge-doped InyOs have reached 0.45 at
1273 K, which represents the champion Z7T for a singly doped n-type oxide.?? When dually
doped with Ga and Al, ZnO reaches an even higher ZT of 0.65 at 1000 K.?* A major limiting
factor of the performance of these systems is the large lattice thermal conductivity, which
has been computationally predicted to be due to long phonon mean free paths in several
TCOs.?* Indeed, the ZT of 0.45 for In; 3Gey O3 is only achievable as the solubility limit of
Ge in Iny ,Ge, O3 is reached at x = 0.2, where the lattice thermal conductivity is reduced
due to the presence of InyGe,O7 inclusions in the In,O3 matrix.??

It is instructive to note that materials with electronic structures similar to the known
TCOs such as In,O3, ZnO, SnOy, CdO and BaSnOj3 always display high electrical conduc-
tivity when donor doped.?* 3! A simple strategy to design new n-type thermoelectrics would
therefore be to search for materials which possess cations with similar np® ns® electronic

structures, with 3D or 2D connectivity of the metal-oxygen network (octahedra or tetra-

hedra) to ensure electrical transport pathways exists, however with more complex crystal



structures to ensure a lower lattice thermal conductivity. Ideally, these more complex struc-
tures would feature heavier elements to dampen the speed of the phonons.?? Using these
design criteria, we have selected Bi®" containing compounds as being worthy of study, as Bi
in the 5+ oxidation state possesses an np” ns’ electronic structure, and Bi-based systems
have been studied previously as potential thermoelectrics. 10:33735

In 2004, Mizoguchi and Woodward first synthesised BaBi;Og by hydrothermal meth-
ods.?® BaBiyOg crystallises in a hexagonal PbSbyOg structure (space group P31m (162)),
otherwise known as the rosiaite structure after the Rosia mine in Italy, where PbSbyOg oc-
curs naturally.3” BaBiyOg features two-dimensional layers of edge sharing BiOg octahedra,
with two thirds of all the octahedral holes in the 2D-layer occupied, as demonstrated in
Figure 1. The Ba cations sit between the BiOg layers situated directly above and below the

unoccupied octahedral holes. Oxygen has distorted trigonal planar coordination with two

Bi ions and one Ba ion. BaBiyOg has been reported to have a band gap of 2.6 eV,3¢ which

Figure 1: Crystal structure of BaBiyOg, highlight the layered nature (top) and the edge
sharing BiOg octahedra. Ba, Bi, and O atoms are denoted by green, grey, and red spheres,
respectively. Drawn with Vesta.3®



along with the high dispersion in the conduction band has been attributed as the cause of its
strong photocatalysis of phenol.® This high dispersion is also beneficial to thermoelectrics,
which need to be conductive. The potential for high conductivity, combined with large mass
differences that are expected to increase phonon scattering, make BaBi;Og an attractive

candidate for oxide thermoelectric applications.

Computational Methodology

The following calculations were conducted using density functional theory (DFT), using
the Vienna ab initio Simulation Package (VASP)4%*® with plane augmented-wave (PAW)
pseudopotentials.** k-point and plane-wave energy convergence were tested on the 9 atom
primitive cell, and a 3 x 3 x 3 I'-centred mesh and 400eV cut-off found to converge the
total energy to 10meV atom™! (ESI Figure S1). The structure was optimised so the force
on each atom totalled less than 0.01eV A~ and the total electronic energy converged to less
than 1 x 107 eV, with a larger cut-off energy of 520 eV to avoid basis set errors arising from
Pulay stress.*> Geometry optimisations were performed using the HSE06 functional,“ which
is hybridised with 25 % Hartree-Fock exchange,”® which is screened out at long range.

A band structure and density of states (DoS) were also calculated using the HSE06
functional, and these were then plotted with the sumo package.*® The effective mass of the
charge carriers at the band extrema were calculated by approximating the bands as parabolic

and using the relationship:
I 52E(k’)l (1)

v

where E(k) refers to the eigenvalue of the band at a the CBM or VBM and m;; refers
to the effective mass. In order to more directly compare our theoretical and experimental
electron energies, the Gaussian-Lorentzian (Galore) code®® was used to simulate the X-ray

photoelectron spectra (XPS).

Electronic transport properties including the electrical conductivity, Seebeck coefficient



and the electronic contribution to the thermal conductivity, were calculated using the Boltz-
mann Transport Properties (BoltzTraP)! and AMSET packages.? In both codes, transport
properties are obtained by solving the Boltzmann transport equation using the Onsager coef-
ficients. The primary difference between the packages is that BoltzTraP assumes a constant
relaxation time (CRT), in our calculations set to 1 x 107'*s, whereas AMSET explicitly
calculates the scattering rate for each temperature, doping concentration, band and k-point.
Accordingly, AMSET is able to provide insight into the fundamental scattering processes that
limit charge transport and has demonstrated considerably improved agreement with experi-
mental measurements of mobility in a range of semiconductors. AMSET includes scattering
due to acoustic deformation potentials (ADP), piezoelectric interactions (PIE), polar optical
phonons (POP), and ionised impurities (IMP). A maximum mean free path (MFP) of elec-
trons can also be imposed to simulate nanostructuring. One benefit of AMSET compared
to the state-of-the-art density functional perturbation theory combined with Wannier inter-
polation approach (DFPT+Wannier)®® is that the scattering rates can be computed only
using common materials parameters without the need for expensive DFPT calculations. The
materials parameters and additional settings used in the AMSET calculations are provided
in Table S3 of the ESI. The AMSET methodology, including the form of all scattering matrix
elements, is given in detail in Ref. 52.

High lattice thermal conductivities have thus far limited the achievable ZT's for the ex-
isting n-type oxide thermoelectrics.'%2* With the advent of increased computational power,
it has become possible to directly compute many-phonon interactions from ab initio calcu-
lations, although this comes at considerable computational cost.3? To provide accurate ZT
predictions, however, we must pay this computational cost to quantify the lattice thermal
conductivity, which can be plugged into the ZT = S%0T/(Kele + Kiay) formula. In this study
we employ the Phonopy® and Phono3py® packages, which use a finite-difference supercell
approach to calculate the second- and third-order force constants and obtain the lattice ther-

mal conductivity. In our calculations, we used a displacement distance of 0.01 A for second



order force constants in Phonopy, and 0.03 A for the second and third order force constants
in Phono3py. Phonopy was used to check visually for convergence of the phonon dispersion
relation with supercell size. For the second-order force constant calculations in Phono3py, a
4 x 4 x 4 supercell was selected, and for the third-order force constants a 2 x 2 x 2 supercell
was selected. As the third-order force constants alone require 2216 calculations on a 72-atom
supercell, we compute these interactions at the PBEsol level. PBEsol has been shown to
be an excellent compromise between computational cost and accuracy for lattice dynamics
calculations.®® Forces were converged to a criterion of 1 x 107*eV A™" and the electronic
wavefunction converged to 1 x 107%eV. Phonon transport properties were obtained using
Phono3py by solving the Boltzmann transport equations under the single-mode relaxation
time approximation where each mode is treated as if the rest are at equilibrium. The non-
analytical correction (NAC) was also included, to take into account the charges on the ions.>’
The resulting lattice thermal conductivities were converged against g-point mesh (g-points
are the lattice dynamics equivalent of k-points, where q = 27k; convergence can be seen in
ESI Figure S2). Furthermore, to investigate nanostructuring we used the boundary mean
free path (BMFP) method in Phono3py, which constrains the lifetimes of phonons such that
their maximum mean free path does not exceed a cut-off value (set to 20 nm in this work).

Defects were calculated in a 2 x 2 x 2 (72 atom) supercell using the HSE06 functional,

with a 2 x 2 x 2 I'-centred k-point mesh. The formation energy, AHy, of a defect, D, with

charge state, ¢, was calculated as:

AHP? = (B — E") + Y " {ny(E; + )}

+q(Er+€)) + Econ (2)

where EP+7 is the energy of the defective supercell and E' is the energy of the host super-
cell.?®® The second term represents the energy change due to the exchange of an atom,

1, with a chemical reservoir: n; is the number of atoms of each type exchanged, F; is the



element reference energy calculated from the element in its standard state, and p; is the
chemical potential of the atom. € represents the energy needed to add or remove an elec-
tron from the VBM to a Fermi reservoir — i.e. the eigenvalue of the VBM in the host —
and Er is the Fermi level relative to 651. E.orr is a correction applied to account for various

limitations of the defect scheme used and is comprised of three terms:
Ecorr = Lipotal + Ebf + Eicc (3)

where Elqa1 is a correction to align the electrostatic potential of the defected supercell to
that of the host,’®% E,; corrects the effects on the total energy of erroneous band filling,°®
and FEi.. accounts for the unphysical defect—defect Coulombic interactions that occur between
periodic images of charged defects due to finite supercell size effects. 5!

The thermodynamic transition level, €(D, ¢/q'), defined as the energy at which the charge

state of defect, D, spontaneously transforms from ¢ <> ¢/, was calculated according to:

ED.a _ pD.d

G(D,Q/q/): q,_q

(4)

The thermodynamic transition levels indicate whether a defect will act as a shallow or deep
defect and can be measured experimentally through techniques such as deep-level transient
spectroscopy.® The self-consistent Fermi level and defect concentrations were calculated

using the SC-Fermi code. 52765



Experimental Methodology

Synthesis
Synthesis

All reagents were obtained from Sigma Aldrich in the highest purity available and used as
received. NaBiOs was synthesised by adapting the method of Pan et al.®® Bi(NOj)s-9H,0
(10.025 g, 18.00 mmol) was dissolved in 20 cm® 1M HNOj3 solution. 1cm? of this Bi(NO3);
solution was added to 20 cm® 15 M NaOH solution and a white precipitate of Bi(OH)3 formed
immediately in the mixture. The precipitate was filtered, washed with deionised water and
dried under vacuum. Bi(OH)3 (2.239 g, 8.61 mmol) was added to 28 cm?® 10 % aqueous NaClO
solution and stirred for 30 min. NaOH solution (11 M, 29.6 cm?®) was added to the reaction
mixture and stirred for three days. The mixture turned from reddish-brown to yellow upon
stirring. The resulting yellow NaBiOj precipitate was filtered and washed with water.
BaBiOj3 was synthesised from the hydrothermal reaction of NaBiOjz and BaCly. BaCl,
(1.501 g, 6.15mmol) of BaCly-2H,0 and NaBiO3 (0.4307 g, 1.54 mmol) of were placed in a
40 mL Teflon-lined autoclave with atomic ratio of Ba:Bi being 4:1. The powders were placed
in a Teflon lined autoclave with 18 cm? of deionised water, and heated to 90 °C at a rate of
2.5°Cmin~!, then held at that temperature for 48 h, before cooling at a rate of 10°C min~!.
The resulting orange crystals were filtered and washed with deionised water and acetone,

before drying at 150 °C in air to obtain BaBiyOg.

Characterisation

Powder X-ray diffraction (PXRD) data was collected on a STOE diffractometer in trans-
mission geometry using monochromated Mo Ka radiation over the 26 range of 2-40° with
a step size of 0.5° at 20s per step. Optical diffuse-reflectance spectroscopy was measured
between 205-2000 nm with a step size of 1 nm using PerkinElmer Fourier Transform Lambda

950 UV—vis spectrophotometer equipped with an integrating sphere at ambient temperature.

10



X-ray photoelectron spectroscopy (XPS) was also performed using a Thermo Scientific Ka
spectrometer utilising a 72 W Al Ka radiation. High resolution scans with a binding energy
step size of 0.1eV were used and in situ Ar ion etching was performed using a 2keV Ar ion
beam in a background Ar pressure of 2 x 10~ mbar. The binding energy scale was corrected

for charring by adjusting the adventitious C 1s peak to 284.8eV.

Results

Geometry

In Table 1 we compare the experimental and calculated lattice parameters of BaBisOg.
Our experimental and HSEO6 results are in excellent agreement with those of Mizoguchi
et al., while the PBEsol results deviate slightly. The experiment of Saiduzzaman et al.
underestimates the ¢ parameter relative to the other experiments and HSEO6, being close

instead to the PBEsol calculations both in the ¢ parameter and O positions (Table 2).

Table 1: The lattice parameters of BaBi;Og obtained from our experiment, the experiments
of Mizoguchi et al.3® and Saiduzzaman et al.?® and our PBEsol and HSE06 calculations

(A) | Experimental PBEsol HSE06 | Mizoguchi®® Saiduzzaman®

a 5.576(4) 5610 5590 | 5.576(3) 5.575534(6)
c 5.789(7) 5721  5.806 | 5.785(7) 5.7381(1)

The powder XRD pattern of the synthesised BaBisOg matches well with those from
the literature. Taking these as a starting point, Rietveld refinement yielded a good fit to
the experimental pattern, with lattice parameters very close to those previously reported
(Table 1). No additional peaks were observed.

Thermogravimetric analysis (TGA) of BaBiyOg (Figures 3 and 4) showed a loss in mass
starting at around 100 °C which could be attributed to the loss of hydration of water in the
sample, consistent with the findings of Mizoguchi et al.3® The second loss in mass was seen

at 340 °C possibly due to the decomposition of BaBisOg. This is consistent with the TGA
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Table 2: The atom positions in BaBisOg from the experiment of Saiduzzaman et al.?* and
our PBEsol and HSE06 calculations

‘ Atom ‘ a b c
Ba 0 0 0
Saiduzzaman®® | Bi 1/3 2/3 1/2
O  |06191(7) 0 0.2938(6)
Ba 0 0 0
PBEsol Bi /3 2/3  1/2
O 0.620 0 0.291
Ba 0 0 0
HSE06 Bi /3 2/3  1/2
O 0.618 0 0.298
3x'|o3_ [ T ﬂ [ T [ T [ T ]
/-}E - '1:
S 2x10°F
S
i
2 1y10°F
(O]
=
0
I 1 1 1
1x1O3 I ' l ' l ' l
3 | | | | | | | |
X107 2 3 4 5

QA

Figure 2: Powder X-ray diffraction patterns of BaBiyOg as-synthesised (dots) and simulated
(line). The experimental values were measured using a STOE diffractometer in transmission
geometry using monochromated Mo Ka radiation.
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of Saiduzzaman et al., who attribute this loss to oxygen evolution and the accompanying
reduction of Bi*" to Bi*".%? They then observe a mass gain, attributed to oxidation, which
was not observed to a significant extent here, followed by another mass loss at 545 °C, once
again attributed to oxygen evolution. Here, however, further decomposition of the sample
did not occur until around 650 °C. Note that the small increase in mass between 20°C and
100°C was due to an instrument effect, in which a drift was created on the balance upon

heating. The nature of these decompositions was studied by heating portions of BaBiyOg

102 T T T T

1001~ 7

Weight (%)

96f———-=—-- ; .

941

| 1 | 1 |
200 400 600 800

Temperature (°C)

Figure 3: The thermogravimetric analysis of BaBiyOg from 20 °C to 900 °C with machine
artefact at low temperature.

to various temperatures, cooling and performing powder XRD measurements (Figure 3).
The BaBiyOg¢ diffraction pattern is unchanged by heating the sample to 300°C, but changes
significantly at 350°C and above, eventually at 600°C the pattern matches the perovskite
BaBiOs.

Electronic Structure

The HSE(O6-calculated total and partial electronic density of states (DoS) for BaBisOg are

shown in Figure 5(a). As expected for a wide band gap oxide, the valence band is dominated
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Figure 4: Powder X-ray diffraction patterns during heating of BaBi;Og from 20 °C to 600 °C.

by O 2p states, with small contributions from Bi p and Bi 6s states near the top of the
valence band. The conduction band minimum (CBM) is predominantly comprised of Bi 6s
character with some minor O 2p contributions. The calculated band structure is shown in
Figure 5(b). BaBiyOg is a semiconductor with an indirect band gap of 2.87eV along the
I'-M direction, although the direct band gap is only 2.90eV at the I' point. The efficient
mixing between the Bi 6s and the O 2p states in the conduction band yield a large band
width of 1.90eV, which is indicative of high electron mobility. We have quantified this by
calculating the effective masses at the CBM via parabolic band fitting in the sumo package;*°
the electron effective mass in the plane of the BiOg octahedra has a low value of 0.37 m,,
whereas perpendicular to the layers the effective mass is 0.53 m, (Table 3). This dispersive
lower conduction band indicates the possibility for high n-type conductivity if donor doping
can be achieved.

We have verified the DoS results experimentally using X-ray photoelectron spectra, shown

in Figure 6 together with the curve fitting as described in the previous section. The high
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Figure 5: (a) density of states and (b) band structure of BaBiyOg plotted with sumo.*® In
(b), the conduction band is in orange and the valence band in blue, with the valence band
maximum set to 0eV. The k-point path is using the Bradley—Cracknell formalism,%" and
the paths are shown in the Brillouin zone in ESI Figure S3.

Table 3: The effective masses of the charge carriers in BaBi;Og from HSEO0G6, calculated by
parabolic band fitting in the sumo package.*® The layers are in the ab plane.

Carrier Direction Effective mass (m.)

e” a, b 0.368
e~ c 0.527
h* a, b 1.351
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resolution Ba 3d scan (Figure 6(a)) showed a spin-orbit doublet with an energy difference of
15.1eV between the higher energy 3dsz/, and lower energy 3ds/, components, which can be
typically observed in barium oxide compounds. % Similarly, the spin-orbit doublet in the high
resolution Bi 4f scan (Figure 6(b)) was composed of the lower energy component 4f7/, at
158.7eV and the higher energy component 4f 5,5 at 164.0 eV, consistent with previous exper-
iments. %7 Apart from the O 1s spectral component at 529.6 eV, there was an additional O
1s component within the region, which could be caused by the presence of hydroxide species
(Figure 6(c)). The simulated and experimental valence band data shown in Figure 6(d) were
in excellent agreement with the spectral peak at —4.9 eV corresponding to Bi 6s and p states.
By adjusting the adventitious C 1s to 284.8 ¢V, the Fermi level was located at 0eV on the
valence band spectrum and the valence band edge was found to be 2.33eV away from the
Fermi level, indicating that the Fermi level was closer to the conduction band as predicted.
Diffuse reflectance data were transformed using Kubelka—Munk function™ and Figure 7
shows the plots of F'(R) and F(R)? against energy using the Poeppelmeier method,” only
the lower energy absorption edge in the same region was being considered as it was the lowest
energy absorption between valence band and conduction band edges. The absorption edge of
each plot was extrapolated to the x-axis (y = 0). Extrapolated values for F'(R) and F(R)?
are 2.03eV and 2.32eV respectively. According to the Poeppelmeier method, the optical
band gap (E, = 2E, — E;) of BaBi;Og was found to be 2.60 eV, which is in good agreement
with the calculated direct band gap of 2.90eV and excellent agreement with the previous

experimental report of 2.6eV.3

Dynamical Stability and Lattice Thermal Conductivity

The calculated phonon dispersion of BaBi;O4 converged against supercell size is displayed
in Figure 8. BaBiyOg4 is dynamically stable, with no imaginary modes in the 2 x 2 x 2 or
4 x 4 x 4 supercells used in further calculations. The lattice thermal conductivity of BaBiyOg

has been converged against g-point mesh and the force constants have been symmetrised, as
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Figure 6: X-ray photoelectron spectra of BaBiyOg form experiment (black) and DFT using
the HSEO6 functional (coloured) using the Galore package.?® (a) the Ba 3d orbitals, (b)
the Bi 4f orbitals, (c¢) O-related orbitals and (d) the valence band; all with the Fermi level
pinned to 0eV.

17



N I
10 N
2 | |
hrd
5_\/ |
O_ 1 I 1 I 1 I 1 i 1 I 1 i I 1 I 1
15 2 2.5 3 3.5 1.5 2 2.5 3 3.5

Energy (eV) Energ&/ (eV)

Figure 7: Diffuse reflectance spectra showing Kulbeka-Munk function (a) F(R) and (b)
F(R)%

shown in ESI Figure S2. The lattice thermal conductivity is anisotropic, as is expected from
the layered nature of the crystal structure: in the ab plane it is 2.08 W m~! K~!, higher than
that along the ¢ axis of 1.23Wm™!K~! at 600 K. It should be noted that these thermal
conductivities are nearly an order of magnitude lower than that reported for some well-
known n-type oxide thermoelectrics such as ZnO and SrTiOj, with thermal conductivities
of 50Wm™K12* and 11 Wm~ K~ respectively at 300 K, as opposed to 2.4 Wm~! K~!
in the out-of-layer direction here. This is slightly higher than some other low lattice thermal
conductivity oxide thermoelectrics, such as Bi;PdOy (2.2Wm™ K™ in the ab direction)™

and (NaCa)CoyO4 (1.8 Wm ™t K~1).8

Defect Chemistry

While the low lattice thermal conductivity and highly dispersive conduction band edge seem
to indicate that BaBiyOg has the possibility of achieving high ZT's, in practice, it is the
defect chemistry of the material which is key. If BaBi;Og is not n-type dopable, then the high
conductivities necessary for high Z7T will not be possible. To analyse the defect chemistry

of BaBiyOg we must first examine the chemical potential stability versus competing phases,
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Figure 8: (a) Phonon dispersion of BaBiyOg as calculated within the harmonic approximation
(PBEsol/DFT) at the equilibrium (athermal) lattice constants using Phonopy®* and plotted
with ThermoPlotter.®! The k-point path is using the Bradley—Cracknell formalism,®” and
the paths are shown in the Brillouin zone in ESI Figure S3.

in order that we can find the optimum growth conditions to produce n-type BaBiyOg4 (the
formation energies of these competing phases as well as BaBi,Og itself are listed in ESI Table
S1). The HSE06 calculated accessible range of chemical potentials for BaBiyOg is illustrated
in Figure 9 and tabulated in ESI Table S2, in a two-dimensional (up,, ip;i) plane, using
the CPLAP programme.®? The vertices of the stability triangle are formed from the host
condition (pp. + 2up; + 6o < AHP™29%) giving the limits of Ba/Bi rich, Ba-poor and
Bi-poor environments. Taking into account the constraints imposed by the competing binary
oxides and the ternary BayBi;O5 phase, the stable range of (upa, ppi) for BaBiyOg is shaded
blue in Figure 9. Within these boundaries, we explicitly considered one environment, as
indicated with an orange dot on Figure 9. This environment corresponds to Bi-rich, Ba-rich
and O-poor conditions, and is expected to be optimum for n-type defect formation.

Under the different sets of conditions, the solubilities of extrinsic defect-related species

are limited by the formation of secondary phases, i.e. xum + ypo < AH;AIO?!. We have
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Figure 9: Illustration of the accessible (upa, ppi) chemical potential range, calculated with
CPLAP.# The triangle vertices are determined by the formation enthalpy of BaBiyOg. Lim-
its imposed by the formation of competing binary and ternary oxides result in the stable
region shaded blue. The most n-type growth conditions are indicated with an orange dot.
The formation energies of BaBisOg and its competing phases are listed in ESI Table S1, and
the chemical potential limits of the stable region of BaBiyOg are listed in ESI Table S2.

therefore calculated the formation energy of Lay;Os using the same calculation parameters
as for bulk BaBi;Og. In the case of F, which substitutes on the O site, the solubility was
determined by the formation of AHfB akz,

The native n-type defects considered in this study includes the O vacancy (Vo), Bi on
Ba antisite (Big,), Bi and Ba interstitials (Bi; and Ba;), while the p-type defects considered
were the Ba vacancy (Vga), Bi vacancy (Vg;), Ba on Bi antisite (Bap;), and O interstitial
(0;). As potential n-type dopants, we have selected La as this has been found to be the best

dopant for related n-type oxide BaSnQg,26:83:81

as well as previously untested F doping. F
has long been known to be an excellent n-type dopant in SnO,.%° La has been considered
as a substitutional defect on Bi site (Lag;) and the Ba site (Lag,), while F' doping has been
considered on the oxygen site (Fp) and as an interstitial (F;).

A plot of the HSEO6 calculated formation energies as a function of Fermi level for all
intrinsic defects in BaBi;Og under our chosen chemical potential is shown in Figure 10(a).
Uniquely, at high Fermi levels (at the CBM), the lowest energy defect is the oxygen inter-
stitial, however it relaxes from the ideal interstitial site towards a lattice oxygen, displacing

it to form a peroxide (O-O dumbbell-like) species, which we will now denote as O, and

is shown in ESI Figure S5. The Oy does not possess a transition level in the band gap,
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indicating that it is electronically inactive in BaBi;Og and so will not act as an effective
charge compensating defect. This type of behaviour has also been noted previously for other
wide band gap n-type oxides. 258586

Vo is the lowest energy intrinsic donor, however, it is a deep donor, with 24 /14 and 14/0
ionisation levels at 0.96eV and 0.53eV from the CBM respectively. In most wide band gap
n-type oxides, including BaSnOs3,26 Gay03,%" Iny0s5,38 90 Sn04 89092 and ZnO,58:88,90,93-100
Vo acts as a negative-U type defect, where only the neutral and the 2+ charge state are
stable in the band gap. The presence of all three charge states of Vo in BaBisOg can be
rationalised by examining the relaxation around the vacancies in all three charge states.
Each oxygen in BaBiyOg is coordinated to two Bi ions at a distance of 2.101 A and to one
Ba ion at a distance of 2.747 A. In the neutral charge state, the Bi ions relax away from
the vacancy by 2.2 % of the equilibrium Bi—~O bond length, whereas the Ba ion relaxes away
from the vacancy site by 6.6 % compared to the equilibrium Ba—O bond length. In the singly
ionised (1+) charge state, one of the Bi ions experienced a very strong relaxation away from
the vacancy site by 16.2 % compared to the equilibrium bond length, whereas the other Bi
ion relaxed away from the vacancy by only 3.7%. The Ba ion relaxed away by 7.9%. In
the doubly ionised (2+) charge state, the Bi ions relax away from the vacancy by 14.1%,
with the Ba ions relaxing away from the vacancy by 8.4 %. In the case of other wide band
gap oxides, the much larger relaxations of the neutral and doubly ionised charge states are
the origin of the negative-U defect, whereas for BaBi;Og, all three states experience quite
similar relaxations, and so all three charge states are seen in the band gap.

The Big, antisite is the next most stable defect, and it acts as a one-electron resonant
donor in BaBiyOg. Bi is stabilised as Bi*™ on the large Ba site (the ionic radius of 6
coordinate Ba is 1.35 A, and the ionic radii of 6 coordinate Bi** and Bi’" are 1.03 A and
0.76 A respectively). Bi; and Ba; both act as shallow donors, but are considerably higher in
energy and are unlikely to play a large role in conductivity in BaBi;Og. The lowest energy

native acceptor defect is the Vg,, but it is too high in energy to compensate the Vo and
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Figure 10: Formation energies for (a) intrinsic defects and (b) extrinsic defects in BaBiyOg
under the condition chosen in Figure 9. The slope of the lines denotes the charge state; the
larger the slope, the bigger the charge state. The solid dots represent the transition levels

(D, q/q).

the Big, until the Fermi level is above the CBM. All p-type defects are ultra deep in nature,
which is to be expected for a material with an O 2p dominated valence band.?¢:2%92 Taken
together, this native defect equilibria indicates that BaBisOg is a weakly n-type material,
which will not have a large amount of charge carriers due to the high formation energies of
donors when the Fermi level is at the CBM (all defects above 2.0eV). It is clear that to
realise high conductivities in BaBisOg that an efficient extrinsic dopant is necessary.

In Figure 10(b) we present a plot of formation energy as a function of Fermi level for our
chosen extrinsic defects in BaBiyOg. Lag, and F are both resonant donors in this system,
with Lag, the most soluble defect with formation energy of 1.0eV at the CBM. Lag; has a
formation energy of 4.14¢eV, and is a deep acceptor, but will not compensate Lag, under
these growth conditions until the Fermi energy is above the CBM. F; is an amphoteric defect,
but is too high in energy to compensate the low energy Fo, which indicates that F doping
is another viable alternative dopant to La for producing a degenerate n-type BaBisOg.

To confirm these results, we used the SC-Fermi code® to determine the achievable car-
rier concentrations. Under equilibrium conditions at 300 K, we found BaBi;Og to be essen-

tially undoped intrinsically, with its Fermi level at 1.86 eV above the VBM. Introducing a La
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dopant, still under equilibrium conditions, sets the concentration to 4.7 x 10! electrons cm =3

via singly charged Lag, cations, but only raises the Fermi level to 2.4eV above the VBM,
0.5eV below the CBM. F introduced 3.4 x 108 electrons cm ™ via singly charged Fq cations,
raising the Fermi level to 2.3eV above the VBM. In order to investigate realistic condi-
tions, where dopants may be introduced at non-equilibrium concentrations, the main extrin-
sic defects (Lag, or Fo) were fixed at various concentrations to see the response of other
defects, and therefore what doping concentrations may be reached. In both cases, concentra-
tions of the order of 1 x 10%° electrons cm ™2, or about 3eV above the VBM, are achievable,
around which point the majority of new dopant atoms form neutral defects, and the elec-
tron concentration ceases to rise very fast. As predicted, La is the more effective dopant,

3 are generated, whereas for F, only

as with 1 x 10%° dopantscm™3, 7 x 10 electrons cm™
2 x 10" electrons cm™ are (see also ESI Figure S4). From these results, it is clear that La
is the ideal dopant for BaBiyOg, as it the most soluble, it will not be compensated until well

above the CBM, allowing high carrier concentrations to be reached, and the mass difference

between La and Ba on the Ba lattice site should suppress the lattice thermal conductivity.

Electronic Transport Properties

Our results thus far have demonstrated that BaBisOg possesses a low lattice thermal con-
ductivity, and the correct defect chemistry when donor doped with La to modulate the
Fermi energy into the conduction band. Now we use Boltzmann transport theory within the
AMSET code®? to calculate the electronic conductivity, Seebeck coefficient and electronic
contribution to the thermal conductivity in order to calculate ZT. We have also used the
BoltzTraP code,® which will be discussed in the next section.

In Figure 11 we demonstrate colour maps of achievable ZT's versus carrier concen-
tration and temperature in the in-layer (ab) and out-of-layer (¢) directions. We can see
that at high temperatures of ~600K, the maximum Z7T occurs at a carrier concentra-

3

tion of 6.3 x 10 carrierscm™3. From our SC-Fermi analysis, this is equivalent to a La
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dopant concentration of 9 x 10! dopantscm™ (or 0.3% w/w), or a F concentration of
3 x 10*! dopantscm™ (or 1.4 % w/w). At these concentrations, a ZT of 0.18 is achievable in
the in-layer direction, and 0.19 can be reached in the out-of-layer direction. While smaller
than the ZT achieved by the archetypal n-type earth-abundant thermoelectric Sr'TiO3 at
570K of 0.22,'%! in a real (imperfect crystal) device, the lattice thermal conductivity would

be expected to be lower, and further research into BaBi;Og may also enhance these values.
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Figure 11: ZT of single-crystal BaBi;Og against temperature and carrier concentration in
the (a) in-layer (ab) and (b) out-of-layer (c¢) directions. The darkest colours indicate the
highest ZT'. This and all subsequent figures utilise ThermoPlotter. 8!

Discussion

To computationally predict the potential of a material as a thermoelectric, we must en-
sure: (i) that our description of the electronic structure is of a high quality, (ii) that we can
computationally predict the lattice thermal conductivity, and (iii) that we have a proper
understanding of the defect chemistry. For BaBiyOg, we have used hybrid DFT for the de-
scription of the electronic structure, a high level of theory known to find accurate electronic
properties, from which we demonstrate low electron effective masses. This indicates good
electrical conductivity when n-type doped, which we then showed to be possible with La and

F. We then used the AMSET and BoltzTraP codes to determine the electronic transport
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properties. BoltzTraP was released in 2006 and is widely used due to its computational
cheapness, due to its use of a constant relaxation time, in this work set to 1 x 10714571,
As computational techniques and resources advance, it has become possible to go beyond
a constant lifetime. Here we calculated the deformation potentials, elastic constants, and
static and high-frequency dielectric constants of BaBiyOg in order to calculate the acoustic
deformation potential (ADP), ionised-impurity (IMP) and polar optical phonon (POP) scat-
tering using AMSET (more details can be found in the ESI). Figure 12 shows the electronic
transport properties calculated from AMSET and BoltzTraP, which we can see broadly agree
at low temperatures and carrier concentrations, but the electrical and electronic thermal con-

ductivities diverge between the codes as the temperature and carrier concentration decrease.

To investigate, we compared the temperature and carrier concentration dependence of
the scattering rates (Figure 13). We plotted the average transport rate, defined as 7, ' =
[ (= df/de)de/ [(— df/de) de in which the rates (77!) are weighted by the derivative
of the Fermi-Dirac distribution (df/de) at each temperature and doping concentration, as
they are in the Boltzmann transport equation. This metric provides a better reflection of how
the scattering rates that actually contribute to transport change at different conditions. IMP
scattering does not vary strongly with temperature, and while ADP scattering increases with
temperature, its rate of scattering is too low to have much effect on the overall rate, which
means the increase in scattering and consequent decrease in conductivity with temperature is
driven by POP scattering. POP scattering also drives the trend against carrier concentration
at low temperatures, where the increased screening from the extra electrons reduces the
rate of scattering. In contrast, IMP scattering naturally rapidly increases with increased
carrier concentration, as it is due to a greater number of ionised impurities, and at carrier
concentrations over 4 x 10 carriers cm ™3, it becomes the dominant scattering mechanism.

Together, these effects result in a minimum total scattering rate at 600 K of between 1 x 1019

1 x 10%° carriers cm 3, which is where the maximum Z7 occurs. This behaviour also predicts

25



a) [ b ol
10° |
~ ¥ 150
g >
IS =
- £
< s
z10°F 5
Q
o
3 < 300
S 2
[}
Q
2 .
10 E
=450 -
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
320 400 480 560 320 400 480 560
Temperature (K) Temperature (K)
c)
3
~
't 100 |
% ____________________ Carrier Concentration (cm™3)
< .
E AMSET
g. —-==BoltzTraP
g 1077 — 10"
O F 19
= f — 10
E | ———————————mmemmoommmo o — 0%
é """" 102
9
s
g 1072 3
e T ——
1 L 1 L 1 L 1 L

320 400 480 560
Temperature (K)

Figure 12: Direction-averaged (a) electrical conductivity, (b) Seebeck coefficient and (c)
electronic thermal conductivity of BaBiyOg against temperature for several carrier concen-
trations from AMSET and BoltzTraP.
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acoustic deformation potential scattering (green) and POP is polar optical phonon scattering
(blue), which are summed to get total (pink). The constant relaxation time (CRT) used by
BoltzTraP is also shown (orange).

the trend in the optimal carrier concentration to minimise the scattering with temperature:
as temperature decreases, the rate of POP scattering decreases, shifting the intercept of the
two rates to lower carrier concentrations. Note, however, this does not predict the optimal
carrier concentration for conductivity, which increases with more carriers; or that for ZT,
which does decrease with temperature, but not to the extent that the scattering rate does.
Due to its lesser dependence on scattering, the Seebeck coefficient agrees relatively well
between the two codes, so overall the lower scattering in BoltzTraP leads to an inflated
power factor, as well as a reduced optimal carrier concentration.

Using these AMSET results at 300K and 1 x 10?° carriers cm 2, around the maximum

carrier concentration reasonably reachable, we predict direction-averaged conductivities of

1

Y

5.5 x 103 Sem ™!, and in the in-layer direction, the conductivity reaches 6.2 x 10®Scm™
equating to an electron mobility of 38.8cm? V~1s™! or 34.4cm? V~1s~! if directionally av-
eraged (see also ESI Figure S6). These are large values, and raise the possibility of an
alternative application for BaBi;Og as an electron transport layer. Together with a moder-

ate Seebeck coefficient, such conductivities give a power factor in the in-layer direction at
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600K of 7.00 x 107*Wm™' K2 with 6.3 x 10" carriers cm ™2, while the out-of-layer direc-
tion only reaches 4.44 x 107* W m~' K=2. These are lower than those reported for SrTiOs
(8 x 107%-1.3 x 1073 W m~t K~2), 18102105 ipdicating that the key factor in achieving these
ZT's comes from the low lattice thermal conductivity.

It must be noted that our computational prediction is based on the electronic structure
and thermal conductivity of a perfect crystal, but in a real material imperfections in the

crystal will reduce the lattice thermal conductivity. From Figure 14(a), we can see that the
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Figure 14: The direction-averaged cumulative lattice thermal conductivity at 600 K of
BaBiyOg against (a) frequency, with the phonon density of states overlaid and (b) mean
free path, with markers showing the lattice thermal conductivity of the phonons of mean
free path less than 20 nm.

phonon modes below 4 THz cause 75 % of the lattice thermal conductivity, and that these
modes are dominated by the Ba and Bi atoms. As the proposed La dopant would occupy a
Ba site, this may produce a greater reduction in the lattice thermal conductivity compared
to, for example, a F dopant, as the O sites which the F dopant would occupy have compar-
atively little effect on the lattice thermal conductivity. In addition, experimental samples
are typically pressed and sintered pellets, so the lattice thermal conductivity is generally
lower due to the presence of grain boundaries. Beyond this, there is a strong research drive

to find mechanisms to reduce the lattice thermal conductivity of potential thermoelectric
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materials, such as by introducing more grain boundaries to intentionally minimise the lat-
tice thermal conductivity in a process called nanostructuring. The thermoelectric PbTe has
been nanostructured as AgPbgSbTey to a grain size of around 20nm,> which enhanced its
ZT from ~0.5'% to 2.2. Figure 14(b) shows the cumulative lattice thermal conductivity
against mean free path of BaBiyOg. BaBiyOg has a similar mean free path distribution
compared to PbTe, with 20-25% of the lattice thermal conductivity coming from modes

with a mean free path larger than 20 nm at 600 K,1°7

so nanostructuring may have a large
effect on the lattice thermal conductivity and should increase ZT'. To estimate what effect a
similar level of nanostructuring would have on BaBi;Og, the mean free paths of the phonons
were capped to 20nm in Phono3py to recalculate the lattice thermal conductivity. Such
nanostructuring will also contribute to electron scattering. Accordingly, we have included
the same restriction on the mean free path of electrons in AMSET, ensuring a complete
description of the effects of grain size on electronic and vibrational properties. Figure 15
shows the conductivity (o), Seebeck coefficient («), power factor (a?c) and lattice thermal
conductivity at 600 K and 6.3 x 10! carriers cm ™ for the ab and ¢ directions, as well as the
averaged direction for a polycrystalline sample where the charge carrier and phonon mean
free paths are not limited, and the same where they are limited to 20nm. The Seebeck
coefficient does not vary much between the directions or crystal sizes, but in the ¢ direction
the electrical conductivity decreases by a third relative to the ab direction. This causes a
decrease in the power factor, but due to the reduced lattice thermal conductivity, overall
there is still an increase in Z7T'. Nanostructuring, on the other hand, only reduces the elec-
trical conductivity by about 15 % relative to an averaged, but not nanostructured sample,
but the lattice thermal conductivity is reduced below that of the ¢ direction, particularly at
lower temperatures where thermal vibrations cause less scattering. This causes the ZT of
nanostructured BaBisOg to be slightly higher than a single crystal in the ¢ direction, at 0.22
at 600K and 6.3 x 10! carriers cm™. The non-nanostructured, still polycrystalline version

has a ZT of 0.18 under the same conditions. As shown in Table 4, BoltzTraP does not
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Figure 15: (a) Electrical conductivity, (b) Seebeck coefficient, (c¢) power factor and (d) lattice
thermal conductivity of BaBiyOg against temperature at 6.3 x 10! carrierscm ™2 in the in-
layer (ab), out-of-layer (c) directions, the averaged value (avg) and the averaged value with
a maximum mean free path (bmfp) of 20 nm.
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take into account these nuances, so the conductivities, which are already larger than those
for AMSET at this temperature and carrier concentration, are not reduced, leading to an

inflated ZT prediction of 0.3.

Table 4: ZT from BoltzTraP and AMSET in the in-layer (ab), out-of-layer (¢) and average
directions, the latter additionally with a boundary mean free path of 20 nm applied, along
with the carrier concentration (n) and power factor (PF) at that point at 600 K.

Direction BoltzTraP AMSET

n(em™?) PF (Wm'K™?) ZT |n(cm™®) PF(Wm'K™?) ZT
ab 4.0 x 10¥ 8.38 x 1074 0.21 | 6.3 x 10 7.00 x 1074 0.17
c 4.0 x 101 4.82 x 1074 0.21 | 6.3 x 10Y  4.44 x 10~* 0.19
avg 4.0 x 101 7.20 x 107* 0.21 | 6.3 x 10* 6.15 x 10~* 0.18
bmfp 4.0 x 101 7.20 x 10~ 0.30 | 6.3 x 109 5.22 x 104 0.22

Overall, these factors make BaBi;Og a remarkably versatile thermoelectric: The poly-
crystalline, but not nanostructured material, the easiest to make of the options, has a ZT
of 0.18, which while lower that the leading low-temperature, earth abundant thermoelec-
tric, Sr'TiO3, has not had nearly the amount of research dedicated to it. If instead it were
grown single-crystal, a modest increase in ZT' could be achieved, reaching 0.19; or if in-
stead BaBiyOg could be nanostructured to around 20nm, the Z7T could be increased to
0.22, the same as SrTiO3. Again, with more research, these vales could likely be exceeded.

Lin the ab direction with

It is also worth noting the high conductivity of 6.2 x 10°Scm™
1 x 10%° carriers cm 2 at 300 K, suggesting BaBi,Og could be an effective electron transport

layer.
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Figure 16: (a) Direction-averaged ZT of BaBiyOg against temperature and carrier concen-
tration, simulating a powdered, but not nanostructured sample. (b) The same, but with
mean free paths of phonons and electrons limited to 20nm, simulating a nanostructured
sample. The darkest colours indicate the highest Z7T'.

Conclusions

We have prepared the earth-abundant PbSbyOg-structured material BaBi;Og via a solution-
processable method under benign conditions. We then used state-of-the-art ab-initio cal-
culations to screen it for thermoelectric properties. We have demonstrated that BaBiyOg
possesses the ideal electronic structure for high n-type conductivity, with electron mobilities
of 30-40cm? V~-1s™t at 300 K with 1 x 10%° carriers cm 3, which means it could be suitable
as an electric transport layer. BaBiyOg also displays a moderate Seebeck coefficient and a
much lower lattice thermal conductivity than other n-type thermoelectric oxides, and can
be La-doped to become a degenerate semiconductor. We have computationally predicted a
powdered (that is, directionally averaged) ZT of 0.18 at 600 K which could be competitive
with the much more heavily studied SrTiO3 at a similar temperature. Our analysis indicates
that single-crystal BaBiyOg could give an enhanced ZT of 0.19 in the out-of-layer direc-
tion due to its suppressed lattice thermal conductivity, or alternatively nanostructuring will
be an effective mechanism to lower the lattice thermal conductivity even further, without

such a large decrease in electrical conductivity, leading to a ZT of 0.22. We further showed
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the importance of fully simulating the scattering process in potential thermoelectrics, to
avoid overestimating the potential ZT. Together, these results demonstrate BaBi;Og to be
promising, sustainable thermoelectric material with the potential to surpass SrTiO3;. We
also expect that the PbSbyOg4 structure type will be a fruitful structural motif in the search

for novel oxide thermoelectrics.
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