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Assessing the limitations of transparent conducting
oxides as thermoelectrics†

Kieran B. Spooner, ab Alex M. Ganose ‡ab and David O. Scanlon *abc

Thermoelectrics are a promising technology for converting heat into renewable electricity. Currently,

however, most of the best thermoelectrics are based on toxic and/or rare materials such as PbTe and

Bi2Te3, limiting their practical applications. Transparent conducting oxides (TCOs) are well understood

and widely used commercially, so if they could be made into thermoelectrics, they could be rapidly and

prolifically deployed. TCOs have been tested for their thermoelectric capabilities, however their

performance is far below that needed for industrial deployment. Here we use hybrid density functional

theory to screen four TCOs: BaSnO3, CdO, SnO2 and ZnO for thermoelectric efficiency and analyse the

limitations of TCOs as thermoelectrics. We demonstrate that the dominant factor limiting these materials

is the lattice thermal conductivity, and more specifically very long phonon mean free paths up to the

order 10 mm, making them strong candidates for nanostructuring to increase performance. Based on

these insights we critically discussmaterials design principles for increasing the ZT of the conducting oxides.

1 Introduction

Despite the primary global energy consumption of around 160

PW h this decade1,2 and the numerous negative effects this will

bring,3 an estimated 50% of all generated energy is wasted as

heat.4 One h of this wasted heat is theoretically recoverable,4

and that recovery could reduce the effects of global heating in at

least three ways: reducing energy consumption, generating

emissions-free electricity and reducing the local increase of

temperatures in urban areas caused in part by anthropogenic

waste heat (the urban heat island effect)5 by utilising some of

said heat. Thermoelectrics, materials which transform heat into

electricity (or vice versa), are promising candidates for this task.

The efficiency of a thermoelectric material is quantied by

the dimensionless gure of merit, ZT:

ZT ¼
a2sT

k
where k ¼ ke þ kl (1)

where a is the Seebeck coefficient, s is electrical conductivity, T

is the absolute temperature and ke and kl are the electronic and

lattice contributions to the thermal conductivity, k, respectively.

The Seebeck coefficient quanties the Seebeck effect,6 the

thermal diffusion of charge carriers from the hot to the cold end

of a material, which results in a potential difference if there is

an imbalance of electrons and their positive counterparts,

holes. A high Seebeck coefficient requires a low number of

poorly mobile charge carriers:

a ¼
DV

DT
¼

2kB
2
m*T

3eħ2

�p

3n

�

2
3

(2)

where V is the voltage, kB is the Boltzmann constant, m* is the

charge carrier effective mass, e is the charge of an electron, ħ is

the reduced Planck's constant and n is the charge carrier

concentration. However, a high electrical conductivity requires

large numbers of highly mobile charge carriers:

s ¼ nem ¼
ne2s

m*
(3)

where m is the charge carrier mobility and s is the charge carrier

lifetime. Furthermore, charge carriers conduct heat as well as

electricity, so a high electrical conductivity implies a high

electronic component of the thermal conductivity:7

ke ¼ LsT (4)

where L is the Lorenz number. While this will decrease ZT,

thermoelectric design commonly employs the phonon-glass

electron-crystal (PGEC) concept,8 where the electronic thermal

conductivity is allowed to be high in the interests of a high

electrical conductivity, and instead the lattice thermal conduc-

tivity is minimised. The lattice thermal conductivity is carried

by phonons, the quanta of lattice vibrations, which is

commonly minimised in complex structures where there are
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not long paths of similar atoms along which phonons can easily

conduct.

While not a property intrinsic to a material, temperature is

also an important factor in thermoelectric efficiency, as the ZT

(eqn (1)) and Seebeck coefficient (eqn (2)) are both proportional

to temperature. In addition, in semiconductors, higher

temperatures excite more charge carriers, which can then

conduct electricity, causing electrical conductivity to increase.

There are also increased lattice vibrations, which impede the

phonons that are conducting heat, reducing the lattice thermal

conductivity. Therefore, and as evidenced by the data in Table 1,

ZT tends to be higher at high temperatures. Furthermore, whilst

waste heat at temperatures above 573 K makes up only 5.3% of

the total across all temperatures, 17.4% of the theoretically

recoverable energy came from these temperatures in 2014,4 due

to the steeper temperature gradients granting a higher Carnot

efficiency.15,16 This means that the recoverable energy from high

temperature sources is much more concentrated than low

temperature sources: for comparison, 31.3% of waste heat was

from sources in the range 373–573 K, providing 62.7% of the

theoretically recoverable energy, so while 3.6 times more heat

can be recovered from sources in the lower temperature range,

almost 6 times as much material would be required to access all

the extra sources.4 Oxide thermoelectrics,17 with their high

temperature stability (Table 2), are well placed to take advantage

of these factors.

Transparent conducting oxides (TCOs) are a class of oxides

that could be especially interesting. Unlike many oxides, they

are electrically conductive, one of the qualities required for

efficient thermoelectric materials. Furthermore, unlike many

high efficiency thermoelectrics (Table 1), there are many TCOs

which do not contain toxic elements such as Pb, which has lead

to them being able to be used pervasively in the consumer

market, especially in touchscreen and photovoltaic devices.

Because of this they are extremely well understood, and could

have an accelerated route to widespread deployment if they

were able to be made into efficient thermoelectrics. TCOs have

previously been studied experimentally for thermoelectric

applications, especially ZnO, commonly in the form of Al doped

ZnO (AZO),21 which has so far achieved a ZT of over 0.1 at 300

K,22 and if codoped with Ga it can reach 0.65 at 1000 K23 (the

record ZT for a singly doped TCO is 0.45 at 1273 K for

In1.8Ge0.2O3).
24 Although many experimental studies have tried

various means of raising the thermoelectric efficiency of AZO,

including changing synthesis conditions,22,25–27 microstruc-

ture,28 temperature and magnetic eld,29 doping23,30–35 and

nanostructure;36 a study of the limitations of TCOs as thermo-

electrics has not, to the authors' knowledge, been conducted.

Here we screen the TCOs BaSnO3, CdO, SnO2 and ZnO for

thermoelectric applications in order to assess their efficiencies,

the limitations thereof and how those might be overcome for

conducting oxides in general.

2 Computational methodology

The Vienna Ab initio Simulation Package (VASP)37–40 density

functional theory (DFT) code with the projector augmented-

wave (PAW) method41 was used when calculating the struc-

tural and electronic properties of the TCOs. Convergence testing

was done and an ENCUT of 450 eV was chosen for all the

materials. The k-point meshes are listed in Table 3. The struc-

tures were relaxed with the Perdew–Burke–Ernzerhof42 (PBE) for

solids43 (PBEsol) functional, as it calculates accurate solid

structures while remaining computationally inexpensive.44–46

In order to calculate electronic transport properties, an

electronic band structure and density of states (DoS) were

calculated. To get accurate electronic properties, hybrid DFT

with Hartree–Fock (HF) exchange47,48 was used. These hybrid

functionals yield more accurate electronic structures compared

to generalised gradient approximation (GGA) functionals such

as PBEsol, which tend to underestimate bandgaps.49–64 Here,

PBE0 is used for BaSnO3 and SnO2 and Heyd–Scuseria–Ernzer-

hof (HSE) functionals65 were used for CdO (with 25% HF) and

ZnO (with 37.5% HF) as these have been shown to work well for

these TCOs.58,66–69 The band structure and DoS were then plotted

with the sumo package,70 and the Boltzmann transport prop-

erties (BoltzTraP)71 package was used to obtain the electrical

conductivity, Seebeck coefficient and electronic thermal

conductivity under the relaxation time approximation (RTA),

where charge carriers are assumed to return to their ground

states in a linear fashion with a lifetime of 1 � 10�14 s.

The Phonopy72 and Phono3py73 codes were used to calculate

the vibrational properties of the TCOs. These work under the

RTA like BoltzTraP, specically under the single-mode relaxa-

tion time avour, where each phonon mode is treated as if all

the others are at equilibrium. The non-analytical correction74

was also included, which takes into account the charges on the

ions to raise the frequency of the longitudinal optic modes

around the G point (compare ESI Fig. S3 and S4†). Phonopy and

Phono3py use the supercell approach, where small displace-

ments are created in the lattice (0.01�A in Phonopy and 0.03�A in

Phono3py), and the forces in response to these displacements

are calculated in VASP, in which the PBEsol functional was used

as this has been shown to be accurate but relatively cheap for

lattice dynamics calculations.75 Phonopy uses these to calculate

Table 1 Some ZT $ 2 materials, representing the most efficient

thermoelectrics so far discovered. All but AgPb18SbTe20 are p-type

Material T (K) ZT

AgPb18SbTe20 (ref. 9) (n-type) 800 2.2

PbTe–SrTe10 915 2.2

PbTe0.86Se0.07S0.07:Na
11 825 2.0

SnSe12 923 2.6

Pb0.7S0.3:K
13 923 2.2

PbTe0.8Se0.2:MgTe14 820 2.2

Table 2 Melting or decomposition temperatures of BaSnO3, CdO,

SnO2 and ZnO

Material BaSnO3 CdO SnO2 ZnO

T (K) 2138 (ref. 18) 1473 (ref. 19) 1903 (ref. 20) 2247 (ref. 20)

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 11948–11957 | 11949
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second order force constants, and these were used to nd

supercell sizes which balanced visual convergence and

computational efficiency (Table 3 and ESI Fig. S3†) to use as

Phono3py inputs. Phono3py uses a much greater number of

displacements to calculate the third order force constants,

which can be used to calculate phonon interaction properties

such as lattice thermal conductivities and the imaginary

component of the self-energies per mode and per q-point. The

Phono3py calculations were also completed without the RTA at

300 and 1000 K, and with and without symmetrisation of force

constants, which should not result in a signicant deviations in

lattice thermal conductivity if the calculations are appropriate.

The lattice thermal conductivities were converged against q-

point mesh to ensure accurate calculations (q-points are the

equivalent of k-points used in phonon calculations, q ¼ 2pk).

From the imaginary self-energies, the phonon lifetimes can be

calculated, and from these and the group velocities, mean free

paths can also be obtained:

L ¼ s

�

�vg

�

� where s ¼
1

2G
and vg ¼

du

dk
(5)

where L is the phononmean free path, s is the phonon lifetime,

vg is the phonon group velocity, G is the imaginary component

of the phonon self-energy and u is the phonon frequency. This

allows lattice thermal conductivity and its origin to be probed.

Finally, an inbuilt Phono3py function was used under the RTA

which limits the lifetimes of the phonons to that corresponding

to a specic mean free path, here 20 nm. From this, the effects

of nanostructuring on the lattice thermal conductivity of the

TCOs was investigated.

3 Results

The crystal structures are shown in Fig. 1. BaSnO3 has a perov-

skite structure, space group Pm�3m (221), consisting of cubic cell

of side 4.13�A with a corner sharing SnO6 octahedron at (0, 0, 0)

and a Ba atom at

�

1

2
;

1

2
;

1

2

�

. CdO crystallises in the rocksalt

structure, space group Fm�3m (225), two face-centred cubic

lattices of side 4.71 �A offset by a half cell along one axis. SnO2

has the rutile structure, space group P42/mm (136), consisting of

a tetragonal cell with a and b sides of 4.77�A and c of 3.22�A with

distorted SnO6 octahedra at (0, 0, 0) and

�

1

2
;

1

2
;

1

2

�

, with axial

bonds of 2.072 �A which form edge-sharing chains along the c

axis; and equatorial bonds of 2.066�A, which are corner-sharing

in the ab planes. ZnO has the wurtzite structure, space group

P63mc (186), a hexagonal cell with a and b side lengths of 3.24�A

separated 120� perpendicular to the c direction of 5.22 �A; the

atoms are arranged as corner sharing ZnO4 tetrahedra of bond

length 1.979 �A at

�

1

3
;

2

3
; 0

�

and

�

2

3
;

1

3
;

1

2

�

. As BaSnO3 is

ternary, its more complex structure would be expected to have

a reduced lattice thermal conductivity compared to the binary

oxides, and hence higher ZT. Of the rest, ZnO is hexagonal,

which has only twelve symmetry operations and so might be

expected to have the lowest lattice thermal conductivity and

hence highest ZT, followed by the tetragonal SnO2 with 16

symmetry operations and cubic CdO with 48. All the structures

relaxed to within 1% of their experimental lattice parame-

ters77–80 (ESI Table S1†).

The band structures are shown in Fig. 2. The curvature, or

dispersion, of the bands indicates the mobility of charge

carriers in those bands:

Table 3 The converged k-point meshes used for most the calculations here, the denser meshes used in BoltzTraP calculations, the supercells

used for the second and third order force constant calculations in Phono3py, the number of VASP calculations required to calculate the third

order force constants and the q-point mesh sampled in Phono3py for BaSnO3, CdO, SnO2 and ZnO

Material BaSnO3 CdO SnO2 ZnO

k-Point mesh 5 � 5 � 5 6 � 6 � 6 3 � 3 � 5 5 � 5 � 3

Dense k-points 25 � 25 � 25 30 � 30 � 30 23 � 23 � 35 40 � 40 � 21
Supercell—2nd 6 � 6 � 6 6 � 6 � 6 4 � 4 � 6 5 � 5 � 4

Supercell—3nd 4 � 4 � 4 4 � 4 � 4 2 � 2 � 4 3 � 3 � 2

Calculations—3nd 1476 442 1433 2696

q-Point mesh 36 � 36 � 36 40 � 40 � 40 30 � 30 � 45 40 � 40 � 21

Fig. 1 Crystal structure of (a) BaSnO3, (b) CdO, (c) SnO2 and (d) ZnO,

drawn with VESTA.76 O is cyan, Ba purple, Sn orange, Cd lime and Zn

yellow. The unit cell is drawn on (dotted lines).

11950 | J. Mater. Chem. A, 2020, 8, 11948–11957 This journal is © The Royal Society of Chemistry 2020
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m ¼
es

m*
where m* ¼

ħ
2

�

d2
E

dk2

�
(6)

where
d2E

dk2
is the curvature of the electron bands, calculated with

sumo70 by using parabolic band tting. All the conduction band

minima (CBMs) are highly disperse, in line with previous

calculations.58,66,67,81 The electron effective masses calculated

from this are in the range 0.16–0.26me (Table 4), which are low

and therefore show a high n-type mobility in all the TCOs, so

when doped they will have a high n-type conductivity, but

a limited Seebeck coefficient. All give bandgaps in good agree-

ment with experiment (Table 5).

The densities of states (DoSs) show the valence band maxima

(VBMs) are dominated by O p states with some metal d and p

states, particularly in CdO and ZnO. The CBMs are composed

mainly of Sn, Cd or Zn s states, depending on the material, along

with someO states at the CBM, particularly in CdO and ZnO. These

are shown in Fig. 2, and expanded versions are in ESI Fig. S1.†

The Seebeck coefficient, electrical conductivity and elec-

tronic thermal conductivities, calculated using BoltzTraP, do

not vary greatly between the TCOs (ESI Fig. S2†). The optimal ZT

is oen found around 1� 1019 to 1� 1020, carriers per cm3,92 so

in this work the properties are compared at 1 � 1019 carrier

cm�3, the lowest and therefore most achievable dopant

concentration in that range. While BoltzTraP calculates the

transport properties at various temperatures by articially

altering the Fermi level, and so gives no indication if these

results are feasible, all these TCOs have been experimentally

demonstrated to be n-type dopable above this level.58,66,81,93–97

BaSnO3, SnO2 and ZnO all have relatively low Seebeck coeffi-

cients in the region of �100 to 300 mV K�1, while CdO's are only

around �50 to 250 mV K�1. For all of them, the electrical

conductivities and electronic thermal conductivities are about

100 S cm�1 and 0.1 W m�1 K�1 respectively.

The phonon band structures (Fig. 3, ESI Fig. S3†), calculated

using Phonopy, show high dispersion as expected for such

simple structures, and are therefore expected to have high

lattice thermal conductivity due to a high phonon group velocity

(eqn (5)). As the lattice thermal conductivity has been simu-

lated, its origin can be analysed from the data from Phono3py.

As well as the phonon band structures, Fig. 3 shows the mean

free path projected on the colour axis and the contribution to

Fig. 2 The band structures, plotted with sumo70 and using the Brad-

ley–Cracknell formalism for k-point path nomenclature,91 for (a)

BaSnO3, (b) CdO, (c) SnO2 and (d) ZnO. The valence band is blue and

the conduction band orange, they are normalised so the valence band

maximum is at 0 eV. Expanded versions of the DoSs are available in ESI

Fig. S1.†

Table 4 Electron effective masses at the conduction band minimum

and hole effective masses at the valence band maximum of BaSnO3,

CdO, SnO2 and ZnO relative to the rest mass of an electron (me),

evaluated by sumo70 using parabolic band fitting

m (me) BaSnO3 CdO SnO2 ZnO

m*
e

0.201 (G) 0.161 (G) 0.192 (G) 0.259 (G)

m
*
h

8.757 (M) 0.344 (L) 1.269 (G) 0.307 (G)

Table 5 Indirect, direct, optical and experimental bandgaps of BaSnO3, CdO, SnO2 and ZnO, given in eV, calculated with sumo70

E (eV) BaSnO3 CdO SnO2 ZnO

Eindg 3.26 0.91 — —

Edirg 3.72 2.27 3.55 3.43

Eind,expg 3.1 (ref. 82–84) 0.9 (ref. 85) — —

Edir,expg 3.4 (ref. 82) 2.4 (ref. 85) 3.56–3.59 (ref. 86–89) 3.44 (ref. 90)

Fig. 3 The phonon dispersion relations for (a) BaSnO3, (b) CdO, (c)

SnO2 and (d) ZnO, plotted using the Bradley–Cracknell formalism for

q-point path nomenclature,91 from which group velocity can be

inferred from the band gradients. Mean free path at 1000 K is projected

on the colour axis, where yellow indicates high scattering and purple

indicates high mean free path. Lattice thermal conductivity (kl) per

mode per q-point at 1000 K plotted on the right of each subfigure,

sharing the frequency axis with the phonon band structure.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 11948–11957 | 11951
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the lattice thermal conductivity per mode per q-point on the

right of each subgure. As previously mentioned, the group

velocity is high for all of them (see also ESI Fig. S5†), but we can

also see the greatest mean free paths (purple) occur in the

acoustic modes, and this is where the greatest contribution to

the lattice thermal conductivity can be seen. One would expect

the low frequency modes to be dominated by the heaviest

atoms, and Fig. 4 shows that this is indeed the case for CdO,

SnO2 and ZnO, where over 60% of thermal conductivity comes

from themodes below 5 THz, which are dominated by the metal

cations. The relation in BaSnO3 is less straightforward.�25% of

the thermal conductivity comes from below 4 THz in modes

dominated by Ba, but the following �60% comes from modes

composed of a roughly equal mixture of Sn and O states. Overall

though, one may consider reducing the phonon mean free path

of the low frequency, metal dominated modes to be an effective

place to start when optimising these materials.

The total thermal conductivities against temperature are

shown in Fig. 5. The CdO results are in excellent agreement with

experiment,98 although the other values vary somewhat. The

carrier concentrations in the experiments for BaSnO3 (ref. 99)

and ZnO31 were not reported, so the arbitrary value of 1 � 1018

carriers cm�3 used here could help explain some the discrep-

ancy, although the differences are out of the range of the effect

of modulating the electron concentration, so there are certainly

other factors at play. It should be noted the experimental

measurements on CdO, BaSnO3 and ZnO were taken on

powdered samples rather than single crystals as with SnO2,

which would scatter phonons at the ‘grain’ boundaries,

reducing the thermal conductivity and averaging anisotropic

conduction. Nevertheless, when comparing our unsymmetrised

RTA results with those computed without RTA and those where

the force constants have been symmetrised, we found the

agreement to be excellent (ESI Fig. S6†).

Using the lattice thermal conductivity from Phono3py and

the electronic transport properties from BoltzTraP, the ZT was

calculated. Maximum ZTs occur at high doping concentrations

of �1 � 1019 carriers per cm3 for BaSnO3,�2 � 1019 carriers per

cm3 for CdO,�3� 1019 carriers per cm3 for SnO2 and�8� 1019

carriers per cm3 for ZnO. In order for a material to be an effi-

cient thermoelectric, it must also be a degenerate conductor, i.e.

display metal-like conduction, which occurs for carrier

concentrations above the Mott criterion, nMott:
61,100,101

nMott.

�

0:26

a0

�3

where a0 ¼
4p30ħ

2

m*e2
and

1

m*
¼

1

m*
e

þ
1

m*

h

(7)

where a0 is the effective Bohr radius and 30 is the static dielectric

constant, the sum of the ionic and high frequency components,

3ion and 3
N
, respectively. All the TCOs reach their highest ZTs

above their Mott criteria (Table 6), and all have previously been

shown to be highly dopable,58,66,81,93–97 so all can feasibly achieve

their maximum ZT. Nevertheless, the maximum ZTs are not

high, even at temperatures close to their melting or decompo-

sition points (Table 2), CdO, SnO2 and ZnO have ZTs of around

0.5. BaSnO3 approaches a ZT of 2, but only at very high

temperatures of around 1700 K (Fig. 6).

Fig. 4 Cumulative lattice thermal conductivity against frequency at

1000 K in black, with the phonon density of states in arbitrary units

overlaid for (a) BaSnO3, (b) CdO, (c) SnO2 and (d) ZnO.

Fig. 5 The thermal conductivities calculated here and from experi-

ment for (a) BaSnO3, (b) CdO, (c) SnO2 and (d) ZnO. For the calcula-

tions, CdO and SnO2 use the experimental carrier concentrations of

4.2 � 1019 carriers per cm3 and 1 � 1017 carriers per cm3 respectively,

while BaSnO3 and ZnO use the arbitrary value of 1 � 1018 carriers per

cm3 as experimental data were not available. A comparison of

computational methods can be seen in ESI Fig. S6.†

Table 6 Ionic (3ion) and high frequency (3
N
) contributions to the

relative static dielectric constant, 30, the effective Bohr radius, a0 and

the Mott criterion, nMott, the carrier concentration above which the

material becomes a degenerate conductor, calculated from eqn (7),

for BaSnO3, CdO, SnO2 and ZnO

Material BaSnO3 CdO SnO2 ZnO

3ion 15.4 11.6 7.6 4.7

3
N

3.4 4.3 2.5 2.8
30 18.8 15.9 10.1 7.5

a0 (m) 5.06 � 10�9 7.67 � 10�9 3.20 � 10�9 2.83 � 10�9

nMott (cm
�3) 1.35 � 1017 3.89 � 1016 5.34 � 1017 7.79 � 1017

11952 | J. Mater. Chem. A, 2020, 8, 11948–11957 This journal is © The Royal Society of Chemistry 2020
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4 Discussion

All the materials studied here have broadly comparable Seebeck

coefficients, electrical conductivities and electronic thermal

conductivities (Table 7). They have neither the combined high

Seebeck coefficient and high electrical conductivity of AgPb18-

SbTe20 nor the low thermal conductivity of SnSe. Electrical

conductivity is easily increased by doping, increasing carrier

concentration at the cost of Seebeck coefficient, but a much

more interesting way is band engineering. Alloying Mg3Sb2 with

Mg3Bi2 barely reduces the Seebeck coefficient, despite an

increase in the curvature of the bands,102 probably due to an

increased number of bands at the conduction band minimum,

resulting in a higher density of states there and hence raising

the Seebeck coefficient nearly as much as it is lowered by the

lower effective mass. That said, in the TCOs the CBMs are

several eV lower than the rest of the conduction bands, so band

engineering in the same way as the Mg3(Sb,Bi)2 system is almost

certainly impossible.

This leaves reducing the lattice thermal conductivity as the

only option for improving the TCOs' thermoelectric efficiency.

This is the quantity that variesmost between the TCOs and hence

is the determining factor in the relative magnitude of their ZTs

(Fig. 7). This demonstrates that the power factor, as is sometimes

used as an alternative screening metric for ZT when the lattice

thermal conductivity has not been measured or calculated, is not

a sufficient measure of the thermoelectric efficiency of these

materials. As we predicted, the ternary BaSnO3 has the lowest

lattice thermal conductivity, likely due to its comparative struc-

tural complexity. As it has two cations, we also considered the

effect of BaSn–SnBa antisite pairs, but found the energy too high

for a signicant proportion of defects to be present (ESI Table

S2†). In the binary systems, symmetry was not a good predictor of

the lattice thermal conductivities of the remaining TCOs as was

proposed. The high lattice thermal conductivity of ZnO can be at

least partially explained by the relatively small mass difference

between Zn and O, which would mean phonons can more easily

transfer between the atoms. Similar reasoning cannot be applied

to CdO and SnO2, perhaps because the effect of the small 6.3 amu

mass difference between Cd and Sn, as opposed to the almost 50

amu difference between Zn and Cd, is small compared to other

effects such as that of the bonding.

As we have calculated the lattice thermal conductivity ab

initio, we have been further able to analyse its origin and hence

how it can be minimised. The highest contributions to the

lattice thermal conductivity occur in the metal-dominated

acoustic modes, where the mean free paths are long, and the

materials with the longest mean free paths are the ones with

highest lattice thermal conductivities. While the low frequency

modes being metal dominated may suggest changing the

cations would be the optimal way to reduce the lattice thermal

conductivity, this is not necessarily true, as the strength of the

Fig. 6 Heat maps of the ZT against carrier concentration and

temperature for (a) BaSnO3, (b) CdO, (c) SnO2 and (d) ZnO. The values

are averaged over crystal orientation for SnO2 and ZnO as any real

devices would need to be heavily nanostructured.

Table 7 Seebeck coefficient, a, electrical conductivity, s, electronic and lattice contributions to the thermal conductivity, ke and kl and ZT for

BaSnO3, CdO, SnO2 and ZnO studied here and approximate quantities for SnSe12 and AgPb18SbTe20.
9 Only the total thermal conductivity was

available for AgPb18SbTe20. All quantities are at 800 K. The TCOs' and SnSe's carrier concentrations are 1 � 1019 carriers per cm3 and AgPb18-

SbTe20's is 2.15 � 1019 carriers per cm3

Material a (mV K�1) s (S cm�1) ke (W m�1 K�1) kl (W m�1 K�1) ZT

BaSnO3 �230 127 0.188 1.43 0.348

CdO �204 150 0.234 2.97 0.169

SnO2 �243 159 0.198 13.0 0.0628
ZnO �203 95.2 0.143 17.4 0.0402

SnSe (ref. 12) 350 100 0.05 0.3 1.9

AgPb18SbTe20 (ref. 9) �370 200 1.1 2.1

Fig. 7 (a) The lattice thermal conductivity, kl, against temperature and

(b) the ZT calculated from Phono3py and BoltzTraP against carrier

concentration for BaSnO3, CdO, SnO2 and ZnO at 1000 K.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 11948–11957 | 11953
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bonds also contributes to the lattice thermal conductivity. The

fact that in BaSnO3 and SnO2 there are signicant amounts of O

in the low frequency modes suggests that altering the anions

could also alter the characteristics of the low frequency modes,

one would imagine especially if the anion were heavy and hence

would vibrate at a relatively low frequency. One way reduce the

mean free paths is to chemically alter the material, e.g. by ion

mutation, where, for example, a 2+ ion could be replaced with

50% each of a 1+ and 3+ ion. If these ions are different sizes, the

mass variation could cause more phonon scattering.103 Alter-

natively, a commonly used physical method is nanostructuring,

physically blocking long mean free path phonons with grain

boundaries. To get an indication of how effective this might be

in the TCOs, the cumulative lattice thermal conductivity was

plotted against mean free path (Fig. 8). Hsu et al.9 nano-

structured AgPb18SbTe20 down to 20–30 nm to restrict phonon

mean free paths and hence reduce the lattice thermal conduc-

tivity and increase ZT from �0.5 (ref. 104) to 2.2. At 1000 K,

whilst only about 7% of the lattice thermal conductivity in

BaSnO3 is from phonons which have mean free paths greater

than 20 nm, CdO has 63% of its lattice thermal conductivity

from phonons above this threshold, SnO2 has 86% and ZnO has

92% from phonons greater than 20 nm (Fig. 8). This suggests

that nanostructuring may have a signicant effect on the lattice

thermal conductivity of CdO and especially SnO2 and ZnO,

although it would also be expected to negatively effect the

electrical conductivity and alter other properties as well, and it

would likely preclude the TCOs from being transparent ther-

moelectrics due to grain boundaries scattering light. It has

previously been reported, however, that boundaries can affect

lattice thermal conductivity more than electrical conductivity,105

so considering only the inuence on lattice thermal conduc-

tivity is not completely unfounded. Mean free path as a cause of

low lattice thermal conductivity makes sense in the context of

the rest of the results: BaSnO3 is the only ternary studied here,

and the complexity arising from this means its mean free paths

are shorter, which leads to a lower thermal conductivity and

hence higher ZT. In2O3 is an example of another complex-

structured TCO, which has 40 atoms per cell as opposed to

the 2–6 in the materials studied here. It has the highest singly

doped ZT for a TCO of 0.45 at 1273 K, attributed in part to

thermal conductivities lower than the experimental results

referenced here.24,99 A further example of structural complexity

increasing ZT is dual Ga and Al doped ZnO,23 which achieved

a ZT of 0.65, the highest for a TCO. Here, the maximum n-type

ZT for single-crystal ZnO is 0.077 at 1000 K, which Ohtaki et al.

improved by over eight times by co-doping.

By reducing the phonon lifetimes of long mean free path

phonons so the mean free path is limited to a maximum of

20 nm, the level of nanostructuring achieved by Hsu et al.,9 the

effect of nanostructuring on each material studied here is pre-

dicted. Note this is assuming all the other properties of the

materials remain the same, which is unrealistic. It furthermore

assumes that the actual interactions of the dopants are negli-

gible, although as is clear from the dually Ga and Al doped ZnO

these interactions can cause signicant ZT enhancements.

Nevertheless, this should give an indication of the relative

effects. Under this approximation, shown in Fig. 9, BaSnO3

remains the highest efficiency thermoelectric with a barely

increased ZT of 2, but due to their signicant phononmean free

paths, CdO, SnO2 and ZnO increase in ZT, with the ZT of ZnO

more than doubling (Table 8). Overall, BaSnO3 shows promise

as a high temperature thermoelectric, reaching a ZT of 2 at 1700

K even without nanostructuring, and the naturally low mean

free paths make it anyway pointless to nanostructure. Of the

remainder, CdO shows least promise due to the dual factors of

its relatively low decomposition temperature and relatively

short mean free paths, reaching an approximated nano-

structured ZT of about 0.6 at 1200 K. With their long mean free

Fig. 8 Cumulative lattice thermal conductivity against phonon mean

free path for (a) BaSnO3, (b) CdO, (c) SnO2 and (d) ZnO at 1000 K. The

percentage of phonons of mean free path less than 20 nm is marked

on.

Fig. 9 Heat maps of the ZT against carrier concentration and

temperature, excluding the phonons of mean free path greater than

20 nm to approximate the effect of nanostructuring, for (a) BaSnO3, (b)

CdO, (c) SnO2 and (d) ZnO.
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paths, SnO2 and ZnO show a greater effectiveness of nano-

structuring, reaching ZTs of around 0.7 at temperatures around

1700 K, although at a given temperature they have lower ZTs

than CdO. It must be stressed that these are rough approxi-

mations, omitting the effects of nanostructuring and specic

dopants or combinations thereof on electronic properties, but it

does help explain the signicant improvements that have been

made experimentally in ZnO by nanostructuring, and proposes

nanostructuring SnO2 may be similarly effective.

As mean free paths not only predict the thermal conductivity,

and therefore ZT of these TCOs, but also determine to what extent

they can be improved by nanostructuring, this research shows that

the only way we can truly tell which oxides will be the most

effective targets for thermoelectric materials is by fully simulating

the phononic interactions, in order to predict themean free paths.

5 Conclusions

Here we have used hybrid density functional theory and GGA

lattice dynamics to analyse the origin of the thermoelectric

performance of four TCOs: BaSnO3, CdO, SnO2 and ZnO. We

have found that phononmean free path is the dening factor in

the thermoelectric efficiency of these materials, and that

nanostructuring could offer signicant improvements to those

materials with the longest mean free paths. Due to its naturally

low mean free paths, BaSnO3 has been predicted to be able to

exceed a ZT of 2 at 1700 K, regardless of nanostructuring.

Despite unremarkable ZTs reaching only about 0.5 at 1700 K

without nanostructuring, as large portions of SnO2 and ZnO's

lattice thermal conductivities come from long mean free path

phonons, these values could potentially be increased to 0.7 with

large degrees of nanostructuring. We have shown that a thor-

ough theoretical analysis of the lattice thermal conductivity is

necessary to understand how to optimise conducting oxides for

thermoelectric applications.
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