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Contribution of point defects and nano-grains to thermal
transport behaviours of oxide-based thermoelectrics

Guang-Kun Ren’, Jin-Le Lan?, Kyle J Ventura®, Xing Tan', Yuan-Hua Lin' and Ce-Wen Nan'

Point defects and nano-grains are very effective ways to control the thermal conductivity in oxide-based thermoelectrics. Here we
use the optimised Debye-Callaway model to understand how the effect of point defects and nano-grains to reduce the thermal
conductivity by inducing normal process and oxygen vacancy in oxide-based thermoelectrics. Our results reveal that this model can
be effective to fit the experimental data of thermal conductivity in ZnO-, CaMnOs-, BiCuSeO-, SrTiOs- and In,05-based systems,
which indicate that the normal scattering process and the oxygen vacancy will make obvious contribution to the thermal
conductivity as compared with alloy compounds system. These calculations also propose that it could be desirable to obtain higher
ZT by controlling the concentration of oxygen vacancy in the nano-grained thermoelectric oxides.
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INTRODUCTION

On the basis of Seebeck and Peltier effect theory, thermoelectric
(TE) materials and devices can directly convert heat to electricity
or vice versa, without any moving mechanical parts, and are
therefore silent and scalable." The conversion efficiency () of TE
materials is generally characterised by the dimensionless figure of
merit: ZT=S?0T/(k.+Ke), Where S, 0, T, k. and k. are the Seebeck
coefficient, the electrical conductivity, the absolute temperature,
the lattice thermal conductivity and the electronic thermal
conductivity, respectively.® To improve the ZT of TE materials,
attempts are often made to decrease the thermal conductivity (k)
without detrimentally influencing the Seebeck coefficient and
electrical conductivity. As of now, researchers have utilised two
strategies to enhance TE performance. One is through improving
power factor (PF=S5%0), based on band engineering,** defect
chemistry®® and quantum confinement effect,”'® which was used
for materials with a medium PF and a low thermal conductivity.
Nevertheless, for systems with both relatively high thermal
properties and tunable electrical performance, enlarging phonon
scattering as the second strategy could be directly implemented
to reduce intense heat transport.' "3

As for alloys, many researchers undertook a significant amount
of theoretical explorations on reducing « by phonon
scattering, these materials including CoSbs (refs 14-16), SiGe
(ref. 17), hexagonal-CulnS, (ref. 18), half-Heusler alloys,'®?° Bi,Tes
(refs 21,22) and LAST.>®> The results indicated that phonon
scattering of most TE alloys is induced by boundary scattering at
low temperatures, by defect scattering at intermediate tempera-
tures and by the Umklapp processes at high temperatures.
Despite a number of methods successfully reducing k, they all
came to the same conclusion that different patterns scatter
different phonons of specific wavelengths at the optimal
temperature for most related systems. For example, devices
assembled with Bi,Tes system are applied for low-temperature

applications (~300 K), hence strategies such as alloying with other
elements and melt spinning to introduce plentiful nano-grains
were developed to achieve better efficiency of grain or phase
boundary scattering,?* further enhancing the comprehensive TE
properties.

Compared with alloyed materials, TE oxides are nontoxic,
widespread and inexpensive, moreover they are much more
chemically and thermally stable. Considering that most TE oxides
are suitable for regulating carrier concentration and electrical
properties (~100-200S cm™ "), and their Seebeck coefficients are
comparatively high or approach coordinate level as in alloys, we
focus more on strategies to decrease thermal conductivity.
However, different from alloys including metallic or van der Waals
bonds, strong covalent and ionic bonds exist in TE oxides lead to a
relatively intrinsic high k (~2-10 W m~"K™"). As a result, among
all p-type TE oxides, CazCo409 has been intensively investigated
and the highest ZT value of 0.61 at 1,118 K was achieved by heavy
doping and metallic nano-inclusion approach,®® which was still an
inferior ZT. As for n-type oxides (e.g. In,Os, SrTiOs3, ZnO and
CaMnOs), the ZTs are even lower.

Herein, we review recent progress of experiments and
theoretical developments on reducing thermal properties of
oxide-based TE materials and finally provide a clear proposal on
how to organise proper point defects and sufficient nano-grains,
for the sake of achieving corresponding lowest lattice thermal
conductivities.

RESULTS AND DISCUSSION

Approach

To analyse regular thermal properties of most materials, relaxation
time (tc) approximation of phonon gas is applied using Equation
(1), which is provided by Debye.?® Cy represents the isochoric heat
capacity, I, the average phonon mean free path (MFP; I, =Tcvpm)
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and the mean velocity of sound (v,) could be calculated
by the combination of transverse branch (v) and longitudinal
branch (v)).

1
KL =§CV/pth (1)

For bulk materials, v,, can be directly described as vp, =
({2 +1))73 (ref. 27), further reduced to v, = (3(% + 1)) 77 for

ENA ﬁ 212 7
two-dimensional thin film.?® When it comes to using first-principle
calculations, the contribution of each phonon mode should be

given by

> 1(@)Conl@n)va(q)- 0P, ()

all modes would be summed up to calculate .. Overall, a small G,
and low I, combined with inferior v, would lead to an inferior
in TE materials.

To analyse intrinsic factors that affect k, Slack’s model®® as
empirical formula should be mentioned first, which was given by

o3 \y1/3
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where n is the number of atoms in the primitive cell, V is the
volume per atom, O, is the Debye temperature, M is the average
atomic mass, y is the high-temperature limit of the acoustic-
phonon Griineisen parameter and A represents a collection of
physical constants that depends on y. This model is accurate for
simulating the lattice thermal conductivity of materials with
relatively low ©p, such as NaCl, Nal and PbTe, but for materials
with higher ©p (973 K), the high-temperature Slack model cannot
simulate experimental work well >
To analyse k_ for high temperatures, Eucken®' concluded on
empirical grounds that many substances have the same ki at the
melting point T,,, which appears to work well for materials with
low melting points, but is futile for crystals melting above 500 K.
On the basis of this, Keyes proposed a better approximation at
high temperatures:*2
3/273/2 ,2/3
KLT — %7 (4)
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where p represents the density, € is the amplitude of thermal
vibration of the atoms and N, is the Avogadro’s number. Even this
approximation provided no way of taking anisotropy into account,
it identified k_ of the covalently bonded solids tend to lie above
that in the ionic and van der Waals solids, as well as introducing
the effect of mass ratio, finally attributing the ki variation from
material to material to variation of the average mass, the
interatomic forces and the crystal structure.

On the basis of these models and relaxation time
approximation, Debye-Callaway model divided the effect of
phonon scattering into several parts, which can be written as:

(<)
ks kg3 3‘/T TCX4eX
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where x=hw/kgT is a dimensionless quantity, h Planck’s constant,
kg the Boltzmann constant and w the phonon frequency. The
overall relaxation rate 72" in this model can be determined by
combining the various scattering processes as given:

=+ (6)
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where, Ty, Tu, To, Tg and Ty are the relaxation times for normal
process scattering, unnormal process scattering, grain boundary

npj Computational Materials (2016) 16023

(GB) scattering, point defect scattering and Umklapp scattering
respectively, which are defined as:

T =01y, 8)

T, oCVim /L, (9)
vV

-1 _ 4 4

Ty = Bow _7471‘/3 Fw®, (10)

15" ~ w*(T/Op)Pexp(-Op/bT), (11)

6 is a dimensionless constant, which describe relative intensity
between normal and Umklapp process, L is the grain size for
polycrystalline sample, T is the disorder scattering parameter and
Bis a constant that is independent of temperature and frequency,
represents mass and strain—stress fluctuations. There is no
satisfactory theoretical work for the relaxation time model to be
used in Umklapp and normal processes. However, Slack reported
an expression for the relaxation time to be used in Umklapp
model as given in Equation (11), in which a, 8 and b are
constants.®> There should be many other processes included in
these materials that affect the comprehensive thermal properties,
such as electron-phonon interactions, dislocation and
second-phase effects. Although considering their impacts are so
small in most systems, for the sake of simplicity, most researchers
choose to ignore these functions in the simulations.

As the momentum of the normal process remain conservative,
the rate of change of the total phonon momentum due to
normal process has to be zero, therefore this process does not
give rise to thermal resistance. As a result, the original model'*%°
used for most alloys ignores the normal process and only
considers unnormal processes that do not conserve momentum.
However, the normal process would affect the phonon concen-
tration for whole range of frequencies and have the profound
effect of transferring energy between different phonon modes.

Point defects effect

As researchers have found, the ultralow heat conduction of
amorphous solids arises from phonons whose [, is comparable to
the interatomic spacing. Introduced point defects are very useful
in triggering these interatomic effects.'® Therefore, advantageous
dopants include equivalent and aliovalent ion doping not only for
the application of the modulation of electrical transport
modulation and band engineering but they could also be of use
for reducing thermal conductivity. Nevertheless, how to compare
experimental work with theoretical analysis is a big challenge, as
we know that different crystal structures, oxygen vacancy
concentrations, various atomic masses and sizes should all have
a significant impact.

Fortunately, these factors would reflect in their consequent
effects. For example, whatever dopants they are, different atom
sizes and masses trigger strain—stress and mass fluctuations. These
fluctuations would enlarge the scattering of phonons with
particular wavelengths, which is indicated by Debye-Callaway
model, as given by Klemense from Equations (10 and 12, 13, 14):

I'=Twr +TsF, (12)
M M —M?
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where the disorder scattering parameter [ is related to both strain
field s and mass fluctuation scattering g, ¢ is the relative
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degeneracy of the site, f; is the fractional occupation, M; and 7; are
the average mass and radii of that element, respectively, and M is
the average atom mass.?® Therefore, by finding the impurity
scattering coefficient I through specific calculations and fitting, it
is possible to predict a comprehensive B and ultimately apply this
value to analyse and further optimise the thermal conductivity of
TE oxides.

Zinc oxide and its compounds become promising candidates
for operation in high-temperature conditions. This is attributed to
its excellent chemical and thermal stability at high temperatures,
as well as superior electrical properties through elemental doping,
nontoxic components and abundant natural resources.*
However, when phonons develop from the lattice vibrations and
transport through the material, an orderly structure with
insufficient defects results in a large mean phonon path /g,
further restraining the intrinsic scattering mechanism. As we see in
Figure 1a, different such as PGEC (phonon glass - electron crystal)
materials characterised by very complex crystal structures and
heavy atom compaction, the simple wurtzite structure of ZnO
contains only two light elements and leads to less atom mass.
Even if it has covalent properties—the electronegativities of Zn
and O are 1.65 and 3.44, respectively—ionic bonds still dominate
the whole material. Due to the strong interaction of ionic bonds
and covalent bonds, phonons can transport between the crystal
lattice with mostly harmonic vibration, and therefore the thermal
conductivity of ZnO remains high during scattering processes with
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K_ over 40 W m~'K~" at room temperature, as Keyes mentioned.
When the crystal structure changes from wurtzite binary ZnO to
perovskite ternary compound CaMnOs, the ABO; structure
(Figure 1b) was more complex and multi-octahedral or tetrahedral
intervals made spaces for other elements, even doping locations
could increase to three, and the TE properties of CaMnOs
substituted at A and/or B sites have been widely investigated—
they have been found to depend on their preferable electrical
performance. Furthermore, complex crystal structure made the
intrinsic thermal conductivity of CaMnOs; reduce to only
36Wm~ 'K~ " at room temperature when compared with ZnO,
and, similar to ZnO, CaMnO3 has strong covalent or ionic bonds of
Mn-0O, O-O and Ca-O; lack of weak linkages between atoms
would limit the further decrease of k; value.

Figure 1c shows the tetragonal anti-PbO structure, which points
to the layered oxides: BiCuSeO. Its space group is P4/nmm, which
includes (Bi,0,)*" and (Cu,Se,)*~ layers. As the linkage between
two layers is weak van der waals bonding, together with rather
high Griineisen constant y= 1.5, which indicates there should be
contain inharmonic bonds that produce obstacles for phonon
transport, ultimately heat cannot transport as fluidly as it does
through oxides with strong bonds. Furthermore, theoretical heat
capacity could be simply given by Dulong-Petit law:

==, (15)
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The crystal structure of (a) simple wurtzite oxide-based materials: ZnO (P6;mc), (b) perovskite oxides: CaMnOs (Pbnm) and (c) layered
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when compared with the M of ZnO (Mzno = 40.69) and CaMnOs
(Mcamno, = 28.60) the Mpicyseo Was 91.86 and resulted in the
lowest heat capacity among them (C~0.27 Jg~' K~"). Combined
all these special properties, the intrinsic k. was ultralow—only
065Wm~'K™" at room temperature, which was shown in
Figure 2a.

To analyse and further organise efficient point defects for
different kinds of oxides, we simulated some experimental work
by relaxation time approximation. Therefore, we apply relaxation
time approximation and Debye model in analysing the
experimental results. However, different from alloys, the effect of

oxide vacancy should be considered. To prove this, first we took
CaMnOs as an example and compared the simulation work with
and without oxygen vacancy part. For normal Debye model
simulation work, we calculated the I of the element doped into
CaMnOs was calculated by combining l'sg and Tyr, which was
found by taking the doping content, ionic size, atom mass and
other physical parameters into Equations (13 and 14), and
then getting B for the point defect scattering process (tg) in
the relaxation time approximation. Then, for optimised model, the
simulation expression for t;' of oxides transfers from Equation
(10) to vacancy-added formula, given by:

4

4nv3(r + O)w?,

;' =Bo*= (16)
where B’ is the optimised constant, @ is the scattering parameter
for oxygen vacancy and it has an expression similar to T in
Equations (12, 13, 14). Ultimately, with other unvarying 7y, 7, and
Tu, the simulation works are shown in Figure 2b as dotted lines.
The line fit the experimental work very closely for optimised
Debye model, but for normal model the discrepancies between
them are too large. This result led to the conclusion that existed
oxygen vacancies should have an impact in scattering phonons
for CaMnOs, as well as other oxides, which was distinct from alloys.

Seen from Figure 3a, the k_ of pure ZnO fabricated by solid-state
reaction (SSR) was reduced from 42Wm~'K™' at 300K to
75Wm~" K™ " at 1,023 K, the inset graph exhibited ZnO following
the 1/T relationship, which indicates phonon-phonon scattering
charge for the tendency of high temperature. Once doped by
other elements with the same coordination number such as Ga, In,
Ni or Nb, the k. markedly decreased at room temperature and
retained relatively small differences at high temperature. Listing
some physical parameters in Table 1, and combined with
simulated work through optimised mode, we consider the radius
and mass of zinc as medium (60 pm, Mz,=6541). Gallium
(47 pm, Ma=69.72) with relatively small radius introduced large
strain—stress fluctuations and indium (62 pm, M, =114.82) with its
relatively large mass introduced mass fluctuation, and these could
be the reason for large loss in k, especially at room temperature.

Besides, the discrepancies between the simulations and
experimental work come from the difference of theoretical
and real densities, as well as radiation losses, the deviation of
the thermal conductivity from the 1/T relation, and temperature
dependence of the Lorenz number.

When it came to CaMnOs, though the undoped k. was much
lower than ZnO, as seen in Figure 2a, after numerous dopants
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Figure 3. The thermal properties of (a) ZnO, (b) CaMnO;3; and

(c) BiCuSeO with substitutional point defects.
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Table 1. The fundamental physical parameters of doped elements
lon Coordination Charge Molar Electronegativity Crystal  lonic
mass radius  radius
(9) (pm)  (pm)
Zn 4 2 65.41 1.65 74 60
Ga 4 3 69.72 1.81 61 47
In 4 3 114.82 1.78 76 62
Ni 4 2 58.69 1.91 69 55
Ca 12 2 40.08 1.00 148 134
Dy 8 2 162.5 1.22 133 119
Yb 8 2 173.04 1.10 128 114
Gd 8 3 157.25 1.20 119 105
Y 8 3 88.94 1.22 116 102
Mn 6 4 54.94 1.55 67 53
Nb 6 3 92.91 1.60 86 72
Bi 8 3 208.98 2.02 131 117
Mg 8 2 24.31 1.31 103 89
Ba 10 2 137.33 0.89 166 152
Sr 8 2 87.62 0.95 140 126
Pb 8 2 207.2 233 143 129
Ag 8 1 107.87 1.93 142 128
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were introduced into the lattice, we found elements such as Dy,
Yb, Y, Gd and Nb (refs 36-41) would further reduced the k_
significantly, as shown in Figure 3b. Furthermore, most of the
efficient dopants are rare earth elements, including Dy, Yb and Gd,
as seen in Table 1, attributed to higher mean atomic mass (M),
which leads to a relatively lower heat capacity (C). We took
classical expressions and optimised 7' in the simulation, and
assumed that the normal process should have the same form as
the Umklapp process (Equation (4)). Then, § was set to be 4.3.
Similar to ZnO, the optimised Debye—Callaway model fitted the
experimental k. of CaMnOs very well, as seen from Figure 3b,
whether it was undoped or doped.

From Figure 3b, these CMO-based materials are in same
fabrication but slightly different compositions. The k_ of pure
CMO synthesised by SSR was reduced from 3.6Wm™'K™' at
300K to 2.1 Wm~ 'K~ at 873 K, showing that the T~ ' tendency
at high temperature corresponds to phonon-phonon scattering.
However, with some defects, the k. of CaggYo;MnO3 markedly
decreased from 1.82Wm~"K™' at 400K to 1.23Wm™ 'K~ ' at
1,000 K. Therefore, when compared with the pure sample, CMO
with point defects in the Casite or the Mn-site, as well as O
vacancies, all reduced k; and could be regularly simulated. The
theoretical scattering parameters were similarly obtained through
above formulas, ©p values were estimated in this series of CMO
vary from 596.65 to 650 K,*? Gruneision parameter (y ~2.53-3.53)
was reported by Archana Srivastava et al** and the mean
velocity was 4,778 ms™~'*? After applying these parameters for
calculations of Umklapp scattering, point defect scattering and
boundary scattering processes, these terms finally gave rise to a
comprehensive semi-theoretical thermal conductivity.
Compared with experimental work, the oxygen vacancies
were ubiquitous and make all the chemical formulae become
Ca;_xAMn; _,B,0,97. As Yb has the biggest mass difference
(173.04>40) and a considerable size difference (102 < 134), it
introduced the most phonon scattering among all the impurities.
Therefore, little doping per cent would have a big role in reducing
the lattice thermal conductivity of the samples, and the accuracy
of these models also showed promising potential for predicting
the impact of mass fluctuation and strain field effects of CMO.

As for BiCuSeO and its compounds, they were regarded as one
kind of superconductors with the same anti-PbO structure as
LaBaCuO in the beginning, then after no superconductivity was
found, its TE properties began to attract many researchers’
attention.** Basically, due to its native superlattice properties from
the layered (Bi,0,)*"—(Cu,Se,)?~ structure, as shown in Figure 3c,
BiCuSeO exhibited a relatively high Seebeck coefficient, adjustable
electrical conductivity and a very low thermal conductivity, the
highest ZT for this material was found to be was 1.4 at 973 K*
Moreover, this special material generally has a thermal and
chemical stability similar to oxides but thermal properties similar
to alloys, therefore we call it a semi-oxide rather than a
traditional one.

According to Cahill's formulation, the glassy limit for thermal
conductivity K, was estimated using:

1/3
Kmin = %(g) ! ksV =232, + v)) (17)
the calculated value of Kmin was nearly 0.59W m~" K™, which
even higher than that of the experimental work
(kL ~0.40 Wm ™" K™").% Until now, most introduced point defects
in this material aimed at improving the electrical properties, few
give attention to the thermal performance. Therefore, it is
important to demonstrate the origin of this ultralow k_ and
whether point defects could potentially have a role or not in such
an unusual oxide.

The graph in Figure 3c exhibits a significant amount of
experimental work including Mg-*" Ba-* Sr-*® Pb-** and Ag
(ref. 50)-doped BiCuSeO, as well as undoped material. Among
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these dopants, Sr- and Pb-doped samples both demonstrated the
lower thermal conductivity than the others, even nearly close to
025Wm~'K™! at 973 K. Others have attributed this phenom-
enon to the considerable point defects, small grain size and high
texturation of the samples. As this kind of material was more likely
to be anisotropic and probably included some soft modes
because of the presence of (Cu,Se5)?~ layer. We assumed normal
processes would scatter more phonons than other oxides, and the
simulation line of undoped BiCuSeO we did before®' also
demonstrated there should be normal scattering process other
than the effect of point defects, boundary and Umklapp
scattering. As a result, we set 6 to be 3-7. However, we did not
consider oxygen vacancies in that BiCuSeO, as it was fabricated via
self-propagating high-temperature synthesis in air. As for BiCuSeO
synthesised by SSR, considering that it was synthesised in a
vacuum, oxygen vacancies should absolutely exist, and this is also
be indicated by Figure 3c—the k. was much lower at room
temperature. Moreover, as many published works theorised that
the holes in the undoped samples came from Cu vacancies, we
also inserted the effect of intrinsic Cu vacancy into the
simulation work.

The simulation results were very close to the real k and
indicated that our assumption was applicable and reasonable.
As can be seen in the graph of k; versus 1/T in Figure 3¢, undoped
and Ag-doped BiCuSeO followed the T~ law, differing from other
doped samples that exhibit a T~ (a> 1) relation. This indicated
numerous doped scattering mechanisms have changed, which
varied from a simple mix of Umklapp scattering and normal
scattering to multi-mechanism scattering, including the effect of
second nano-phase and other mechanisms. Besides, the
simulation work also demonstrated that there has already existed
an ultralow k in BiCuSeO—properly introduced point defects
would further reduce it. Nevertheless, doping work for this
material was more efficient at room temperature rather than it
was at high temperature. As the highest ZT of BiCuSeO was
discovered at high temperatures (~823-923 K), other stratagems
were needed to decrease the lattice thermal conductivity.

According to Debye—-Callaway normal model, 74 for point effect
scattering should be proportional to 1/w® This means that
point defect scattering would not have a significant effect on
low-frequency phonons, even diatomic doping could be simply
interpreted as the overlay of two monatomic doping for the sake
of enlarging doping limitation. Fortunately, plenty of research on
alloy materials have proved that nanostructuring effects improve
scattering for low-frequency phonons. In Figure 3b, Gd-doped
CMO synthesised by a chemical coprecipitation method exhibited
a much lower k; for the whole temperature range, even could be
~11Wm "K' at 973K, which is ascribed to the higher
concentration of grain boundaries caused by smaller grain sizes
of 200-400 nm, compared with 3-5 um particles fabricated by a
SSR mechanism.*' Therefore, next we would introduce nano-grain
effect and assumed it could also have an important role at high
temperatures when the phonon-phonon scattering mechanisms
dominated thermal transportation.

Nano-grain effect

Materials with nanostructure exhibit different properties from
those of the corresponding bulk substances, single crystals,
coarse-grained polycrystals and glasses, although they have an
identical chemical composition.”? The two dominant concepts in
the nanostructuring that affect the improvement of TE properties
are quantum confinement by nano-scale constituents introduction
and enhanced phonon scattering by the interfacial surfaces in
nanostructures. The former contributes to high S with relatively
reduced n by carrier filtering effect, whereas the latter reduces the
k through nano-scale building blocks, which causes a significant
increase in the density of grain boundaries. In the nanostructured
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bulk materials that have been tested, decrease of thermal
conductivity has proven to be a primary mode of the
enhancement in the TE figure of merit3* Moreover, the size
dependence of physical properties in nanostructured materials
becomes evident when the size of building blocks is reduced to
nanometre scale, which is comparable to the critical length of
microphysical phenomena such as the MFPs of electrons or
phonons.>® To select nano-scale as the target also considers the
fact that the MFP of electrons and phonons have a big
discrepancy at that length, phonons are efficiently scattered but
electrons can successfully pass through. As a result, it reduced
thermal conductivity and retained high carrier mobility
simultaneously.>® As the MFP of low-frequency phonons is at a
nanometre magnitude, materials fabricated with 1-100 nm
grains would obviously introduce efficient boundary scattering.
This phenomenon has been indicated by many early reports in TE
alloys.>?

In the Debye-Callaway model, 7' = v/L represents boundary
scattering and it was closely connected to the microstructure of TE
materials. As mean acoustic velocity, v was one of the intrinsic
properties that depended only on the composition itself, which
was almost impossible to alter by varying the external
environment. Nevertheless. L generally could be taken for mean
grain size, and negatively correlated to the whole relaxation time,
further reducing the lattice contribution to heat transport.>®

In this section, we report a study about TE oxides (SrTiO3 and
In,03) with nanocrystals prepared by chemical methods or by a
high-energy ball milling process. We then investigate the effect of
nanocrystals on the ki of oxides, especially for high temperature,
and analysed it through the optimised Debye-Callaway model, for
the sake of giving an insight into the optimised grain size for
lower thermal conductivity in oxides.

As shown in Figure 4a, similar to CMO, STO and its compounds
are also a typical perovskite-type oxides, which have an isotropic
cubic crystal structure (a=3.904A, Pm3m) above 105K.>> The
strong structural tolerance makes substitutional doping in STO
easier, and allows it to reach degenerate state and possess high
electrical conductivity.>® Because of its high melting temperature
of 2,353 K, STO has the fundamental potential for application at
very high temperatures, it can even be used as a middle
transformation at nuclear electricity.

The conduction bands of STO are formed by Ti 3d orbitals
consisting of triply degenerate orbitals (3d,,, 3d,, and 3d,,) and its
valence bands formed by an O 2p orbital, the bandgap E4 could be
3.2 eV. Therefore, STO simultaneously has large S and relatively
high modulated n, and the power factor of doped STO

L,

a

c
®@ ©

(~6.5uWcm~'K™?) is promising enough to compete with
conventional TE alloys.>” Nevertheless, considering the heat
transport, lattice vibration contribution k is almost one order of
magnitude higher than those of conventional TE materials. Even
with dopant cations as point defects, its relatively simple structure,
limited doping level and lack of effective phonon scattering
centres make it impossible to exhibit the effects of point defects.
Therefore, the ZT values of STO and its related compositions
are still far below alloys ascribed to high thermal conductivity
(~9.5-43Wm~ "' K™") in the temperature range of 300-1,000 K.
As shown in Figure 5a, though the ki of SrTiOs single crystal was
relatively high, high concentration of GBs in STO polycrystalline
ceramics, even micrometre grained, could scatter low-frequency
phonons. Moreover, this result also indicated GB phonon
scattering was much stronger in samples with smaller grains,
though with increasing temperature the MFP of phonons were
shortened and GB phonon scattering would be inevitably less
significant at high temperatures. As a result, the lowest k; values
observed in the 55 nm-grained undoped STO was 5.3Wm ™' K™’
at 300K and 34Wm~ "K' at 1,000 K, corresponding to a 45%
reduction and a 20% reduction, respectively, compared with ki
values of the bulk single crystal. Nevertheless, the reduction of k_
at 1,000 K in the 55 nm-grained ceramic was only ~20% of that in
single crystal. This indicated that even a grain size as small as
55 nm was not sufficient to reduce the ki of a polycrystalline STO
ceramic to the glassy limit (~1 Wm ™" K™") because it was still far
larger than the phonon MFP, which is given in Figure 5b,®

Ioh = 20T ,md /YT, (18)

with melting point T, lattice parameter d, Gruneisen constant
y (usually 1-2) and absolute temperature T. In Figure 5b, Iy,
decreases from 25 nm at 300 K to 10 nm at 1000 K; meanwhile, the
critical grain size for satisfactory reduction in k. was estimated
to have a comparison with MFP, therefore to adjust it to be
10-25 nm would be much more appropriate.

To clarify this thermal transport behaviour, the effective ki
values were plotted as a function of reciprocal temperature in the
inset graph of Figure 5a, and simulation work through the
optimised Debye—Callaway model are shown in Figures 5c and d.
The physical parameters come from Sakhya et al.> Figure 5a
demonstrated that the k_ value for a STO single crystal has a
strong linear dependency on 1,000/T in the whole temperature
range, which meant that characteristic phonon-phonon
scattering, the Umklapp process, was predominant in it. However,
even the simulation line of a single crystal calculated by the
optimised Debye-Callaway model was good, as shown in graph

Figure 4. The crystal structure of (a) perovskite oxides: SrTiOs3 (Pm?m) and (b) bixbyite oxides: In,O5 (/a3).
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(a)Temperature dependence of lattice thermal conductivity: STO single crystal and polycrystalline ceramics with different grain sizes,

the inset graph is a function of reciprocal temperature with «.,*® (b) temperature dependency of phonon mean free path for STO ceramics,
(c) k. calculated by optimised Debye—Callaway model (the content of oxygen stays the same among all samples) and (d) k. calculated by
optimised Debye-Callaway model (with variable oxygen vacancies which depends on grain size), the inset graph is grain size dependency of

oxygen vacancy for STO ceramics.

Figure 5c¢, but when considering grain boundary scattering
approximated by ;' = /L, the discrepancies exhibited there
should have some compensation in oxides, both for micrometre-
level and nanometre-level grain sizes.

We suspected the reason for the discrepancies could come from
the content of oxygen vacancies and the fact that nano-grains
were not easy to produce oxygen vacancies as micron-sized
polycrystals. On the basis of this assumption, we repeated the
simulation by considering various oxygen vacancy content for
different grain size, as shown in graph Figure 5d and its inset
graph. The results corresponded with experimental work very well,
which indicated the phenomenon that partial loss of oxygen
vacancy in smaller grain size was highly possible at same synthesis
condition. Therefore, to adjust the fabrication process for samples
with different grain sizes was important, for the sake of retaining
oxygen vacancies.

Besides, when combining the effect of point defects and
nano-grain together, as shown in Figure 6a, the k_ of La-doped
STO with 69 nm grain size exhibited regular tendency, more
dopants led to lower k; at the basis of GB effect. Ultimately, the
lowest k, was 23Wm~'K™" at 973K in 9 at% doped sample,
decreased 46.5% when compared with undoped one. Therefore,
with one or two decades of nanometre grain and doping work of
properly heavy elements combined, ~1Wm~™'K™' would be

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

possible as next strategy for STO in the future. This strategy also
works for In,O3 and its compounds.

By contrast with the fast grain growth of ZnO during synthesis,
the grain size of In,O3 and its system is much easier to control,®!
the reason should come from its different crystal structure. As
shown in Figure 4b, the lattice structure (Space group: la3) of
In,05 was much more complex than that in ZnO. On the basis of a
relatively high PF, In,03 has been developed as a promising TE
oxide when the cubic bixbyite structure becomes disordered with
various cations substituted for indium ions, and furthermore,
co-substitution can significantly enhance the solubility of the
dopant, which can simultaneously increase the electrical resistivity
and decrease thermal conductivity.®? On this basis, Lan et al.®"®3
introduced Zn and Ce co-doping that significantly reduced
the thermal conductivity by fabricating these nano-grained
In,O3-based bulks, and thus improving the TE performance.

Similar to STO, as shown in Figure 6b, the 7~ trend indicated
that the intrinsic Umklapp processes dominate the phonon
transport. Moreover, the smaller the composite size is, the smaller
the k, and even closer to the glassy limit 1.2Wm™"K™".
Specifically, the k_ of the 50 nm-grained sample can be decreased
to 7Z9Wm~'K™' at room temperature, and was much lower
compared with that of the 2pum grained one, which is
132Wm~"K™". At high temperatures, the k, decreased from
27Wm~ "K' in 2um-grained sample to 1.5Wm~'K™" in
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50 nm-grained samples, which clearly exhibited that the
effect of nano-grains on phonon scattering also exists at high
temperature.

Besides, based on this nano-grain work, when CeO, came out as
a second phase, nanodots are included in In,0s. This took the
lattice thermal conductivity even closer to the amorphous limit,
and it was finally reduced down to 1.2Wm~™ 'K~ at 973K
which is ascribed to the introduction of second-phase scattering:

Tsp_1 :V(XS_1+X5p_1)71VSpa (19)

where x; represents the effects of intrinsic superficial area, xp, is
the effect of introduced second phase and Vi, is the number
density of second phase.

‘PGEC’ should have complex structures with many elements, to
produce scattering centres at a tiny scale. By contrast, In,O5 as
well as ZnO belongs to oxides with relatively simple structure and
strong bonds between atoms, they do not satisfy this criterion, but
our work shows that the effect of point defects and nanostructure
in this material can be semi-quantified and estimated.
Furthermore, they can be applied as efficient strategy and make
simple oxides become potential candidates for TE materials.

Conclusions

Oxide-based TE materials have relatively high thermal conductiv-
ity, which limit their future applications. On the basis of the
analysis of experimental work and the optimised Debye-Callaway
model, we discovered point defects had a similar effect for both
TE alloys and oxides. However, different from alloys, normal
scattering process and oxygen vacancies (O) will make obvious
contribution to the thermal conductivity for these oxide-based TEs
by this model. On the basis of the calculated results, TE oxides
could be promising candidates for future TE applications with
nano-grain structures and optimum carrier concentration, as well
as low thermal conductivity by appropriate point defects and
suitable concentration of oxygen vacancies.
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