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Recent demand for thermoelectric materials for power harvesting from auto-
mobile and industrial waste heat requires oxide materials because of their
potential advantages over intermetallic alloys in terms of chemical and ther-
mal stability at high temperatures. Achievement of thermoelectric figure of
merit equivalent to unity (ZT ~ 1) for transition-metal oxides necessitates a
second look at the fundamental theory on the basis of the structure—property
relationship giving rise to electron correlation accompanied by spin fluctua-
tion. Promising transition-metal oxides based on wide-bandgap semiconduc-
tors, perovskite and layered oxides have been studied as potential candidate
n- and p-type materials. This paper reviews the correlation between the
crystal structure and thermoelectric properties of transition-metal oxides. The
crystal-site-dependent electronic configuration and spin degeneracy to control
the thermopower and electron—phonon interaction leading to polaron hopping
to control electrical conductivity is discussed. Crystal structure tailoring
leading to phonon scattering at interfaces and nanograin domains to achieve
low thermal conductivity is also highlighted.
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List of Symbols N, Number of available sites
Z Figure of merit 0 Ratio of charge carriers to sites
T Absolute temperature Uy On-site Coulomb interaction
ZT Dimensionless figure of merit Vph Optical-phonon frequency
S Seebeck coefficient Nrm Number of transition-metal ions per unit
o Electrical conductivity volume
K Thermal conductivity R Average hopping distance
n Conversion efficiency M, Ratio of transition-metal ion concentration
AN Hot-side temperature o Electron wavefunction decay constant
T, Cold-side temperature w Activation for conduction
Th Mean temperature 0p Debye temperature
kg Boltzmann constant h Planck’s constant
n Number of charge carriers Wh Polaron hopping energy
e Electronic charge Wq Disorder energy
Ue Chemical potential N(Er) Density of states at the Fermi level
H Heat transport per particle Kel Electronic contribution to thermal
s Configurational entropy conductivity
E Internal energy Klattice Lattice component of thermal conductivity
\% Internal volume L Lorenz factor
g Electronic degeneracy Cy Specific heat per unit volume

Vs Velocity of sound
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Ro Radius of oxygen
Ry Radius of A cation
Rp Radius of B cation

t Tolerance factor
m Effective mass
INTRODUCTION

In the recent past, it was realized that there is an
urgent requirement for alternative and sustainable
energy sources as well as different types of energy
conversion technology due to the scarcity of fossil
fuels.'® To arrest the adverse effects of global
warming and consequent climate change, green and
renewable energy sources such as solar, wind,
hydropower, biomass or thermal energy should be
taken into consideration. Current research interest
focuses on developing functional materials followed
by their application in innovative technologies such
as fuel cells to convert chemical energy to electric-
ity, photovoltaic cells to convert solar energy (sun-
light) to electricity, or thermoelectric generators to
enable direct conversion of heat energy to electrical
energy. Among the above energy conversion tech-
nologies, thermoelectricity has received a resur-
gence of attention as a large part of the world’s
overall energy resources such as solar radiation,
geothermal heat, and industrial and automobile
exhaust are discharged as waste heat into the envi-
ronment without practical application. Although
waste heat can be used as thermal energy for other
processes, storage and transfer of heat energy is a
Herculean task, while electricity is useful and con-
venient for many purposes. Thermoelectric energy
conversion has therefore received renewed atten-
tion, being based on a class of materials known as
thermoelectric materials that can recover waste
heat and convert it into electrical power.*® In con-
trast to other energy conversion technologies, ther-
moelectric power generation has many desirable
properties, such as no moving parts, simple config-
uration, maintenance-free operation for thousands
of hours, adaptability for any temperature range, no
scaling effect from milliwatt to kilowatt ranges, etc.,
to make potential contributions towards reducing
greenhouse-gas emissions and providing a cleaner
form of energy.®

Thermoelectric power generation devices consist
of alternate p- and n-type thermoelements con-
nected electrically in series and thermally in par-
allel. In 1821, Seebeck’ discovered that a circuit
made from two dissimilar metals with the junctions
maintained at different temperatures generated an
electric voltage (the Seebeck effect). In 1910, Alt-
enkirch® described for the first time the maximum
efficiency of a thermoelectric generator and
performance of a cooler, which later helped develop

the dimensionless figure of merit, ZT = S%Tk ?,
where Z and T are the figure of merit and the
absolute temperature, respectively. To realize effi-
cient thermoelectric energy conversion, the ther-
moelectric materials should have low thermal
conductivity (x), high electrical conductivity (¢), and
large Seebeck coefficient (S).° The low « is necessary
to introduce a large temperature gradient between
two ends of the material, whereas the high S and o
are needed to generate a high voltage per unit
temperature gradient and to reduce the internal
resistance of the material, respectively. Although
there is no upper limit on ZT values, most state-of-
the-art thermoelectric materials have a maximum
ZT value of 1 to 2 in their respective temperature
range of operation because of the interdependence
between S, ¢, and x. The conversion efficiency () of
thermoelectric power generation is typically defined

as
- <Th _ Tc) VITZT. — 1 "
U ) [z |

where T}, and T, are the hot- and cold-side tem-
peratures, respectively, T, is the mean tempera-
ture, the first term is the Carnot efficiency, and ZT',,
is the figure of merit for the device.'® The above
equation indicates that the thermoelectric energy
conversion is related to the figure of merit of the
materials and the temperature gradient (T}, — T.) of
operation. Therefore, considering 7. as room tem-
perature, the higher the hot-side temperature (7},),
the greater the thermoelectric conversion efficiency,
over and above the ZT values of the materials.
ZT =1 corresponds to 5% conversion efficiency at
Ty = 400 K and almost 15% conversion efficiency at
Th =900 K considering T, = 300 K. This clearly
indicates that stability at high operation tempera-
ture is equally important as high ZT values of the
thermoelectric materials to achieve greater heat to
electrical energy conversion efficiency.’

In 1949, Ioffe'! developed the principles of thermo-
electric conversion that heavily doped semiconductors
or semimetals with carrier concentration n on the
order of 10'® cm ™ to 10° em™® and with bandgap of
~10kgT can be the best thermoelectric materials. The
state-of-the-art thermoelectric materials used in
commercial applications are in agreement with these
guidelines and can be divided into three groups,
depending on the temperature range of operation
(Fig. 1). For near-room-temperature applications
such as refrigeration and waste heat recovery up to
450 K, Bi-Te-based alloys have been proved to possess
the best performance (maximum Z7T ~ 0.8 to 1.4)
for both n- and p-type thermoelectric systems.?
The intermediate-temperature region, i.e., 500 K to
900 K, is the regime of materials based on group IV
tellurides such as Pb-Te-based alloys with maximum
ZT > 1.5 at 800 K for both p- and n-type materi-
als.’®!* In the high-temperature region (>900 K),
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Fig. 1. Thermoelectric figure of merit (ZT) as a function of temper-
ature for state-of-the-art commercial thermoelectric materials.

thermoelectric generators have typically used silicon-
germanium alloys for both n- and p-type elements,
though the ZT values of these materials, particularly
for the p-type Si-Ge alloys, is fairly low because of their
relatively high lattice thermal conductivity.”

Although the above-mentioned materials remain
the cornerstone for commercial applications of
thermoelectric generation and refrigeration, the
environmental issue of hazardous Bi and Pb alloys
restricts them from several applications. Further,
these compounds are of limited practical use at high
temperature (7' ~ 1000 K) because their constitu-
ents can easily decompose, vaporize or melt or be
oxidized in air at high temperatures. Moreover,
employing these heavy metals should be avoided as
far as possible, as they are usually toxic, low in
abundance as natural resources, and are not envi-
ronmentally friendly. Compared with the above-
mentioned thermoelectric alloys, metal oxides are
more suitable for high-temperature applications
because of their structural and chemical stabilities,
oxidation resistance, easy manufacturing, and low
cost. 519

PHYSICAL PROPERTIES OF METAL OXIDES

Metal oxides play a crucial role in a wide range of
technological applications including electronics,
magnetic devices, optical devices, sensors, actua-
tors, fuel cells, and many more. However, according
to Ioffe’s theory, metal oxides are considered as poor
candidates for thermoelectric applications. Metal
oxides are ionic in nature with smaller orbital
overlap (narrow band) than covalent intermetallic
alloys. This leads to largely polarized metal-oxide
bonds, which causes carrier localization with carrier
mobility two to three orders of magnitude lower
than for the covalent case. On the other hand, the
large bonding energies (due to ionic bonds) and the
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small atomic mass of oxygen result in higher
vibrational frequencies of the crystal lattice, yield-
ing high lattice thermal conductivity.

In 1997, Terasaki et al.?’ reported Na,CoOs crystal
with large positive Seebeck coefficient (S =~ 100
1V K1) and high electrical conductivity (¢ ~ 500
S m™Y). This may result in ZT of 1, considering the
low thermal conductivity (k~4Wm 'K ' to
5 W m ! K1) of Na,CoOs. This report was a break-
through for oxide materials as potential thermoelec-
tric candidates, making them competitive with
traditional intermetallic thermoelectric materials.
During the last decade, oxide thermoelectric materials
containing transition-metal oxides with strongly cor-
related electron systems accompanied by spin fluctua-
tion have attracted much attention as promising
candidates and have been extensively investigated.

Seebeck Coefficient of Metal Oxides

The Seebeck coefficient or thermopower is defined
as the difference of electrochemical potential per
unit temperature gradient that develops across an
electrically isolated sample subjected to a tempera-
ture differential. The theory of irreversible ther-
modynamics®?? relates the thermopower and
transport coefficients as follows:

S_IECE&), 2)

where e is the electronic charge, kg is the Boltzmann
constant, u. is the chemical potential, T is the
absolute temperature, and H is the heat transport
per particle. In the high-temperature limit, heat
transport becomes negligibly small as the heat
transfer integrals become much lower than kg7, H
can be neglected, and the thermopower becomes
proportional to the chemical potential related to the
entropy of the system as

= He
S_eT' (3)

The thermodynamic identity for chemical poten-

tial is
Mo _ (=05
7= (o)

where s is the configurational entropy, n is the
number of charge carriers, and £ and V are the
internal energy and the internal volume, respec-
tively. The above equation clearly demonstrates
that the thermopower can be defined as the entropy
per charge carrier in a solid. Therefore, the ther-
mopower can be written as

1/0s
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However, in strongly correlated systems such as
transition-metal oxides, the spin and orbital degrees
of freedom of the charge carrier must be considered
to evaluate the thermopower. Therefore, for
T — oo, the entropy can be written as s = kgln g,
where g is the electronic degeneracy, and the above
equation can be rewritten as

S:—@@lng) . 6)
e on EV

For spinless fermions (Fig. 2A), no two particles
can occupy the same site and the degeneracy is
N,!

8= N, — )l (7a)

Using Stirling’s approximation and differentiat-
ing with respect to n,

S(T — o0) = —}?ln (1_Tp>, (7b)

where p is the ratio of charge carriers to sites (p = n/
N; n is the number of charge carriers and N, is the
number of available sites). This is the generalized
Heikes formula.?® This situation is physically
applicable to a system in enormous magnetic fields
or electron-paired with strong binding energy. For
fermions with spin (kgT > U,, where U, is the
on-site Coulomb interaction) (Fig. 2B), the elec-
tronic degeneracy is expressed as
2N,!

g :m (8a)

The thermopower is expressed as

S(T_mo):—@l <2pp> (8b)

For fermions with spin (kgT < U,) with large
electron—electron repulsion (forbidden double occu-
pancy) (Fig. 2C), the electronic degeneracy is
expressed as
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Fig. 2. Possible high-temperature site configuration of (A) spinless
fermions, (B) fermions with spin without coulombic interaction, and
(C) fermions with spin with large electronic interactions.?®
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The thermopower is expressed as

S(Teoo):—@l < [lng. (9b)

For a system in which one ion is present with
mixed valency w1th two different electronic conﬁ§
urations (e.g., Co®*/Co** in Ca3Co,40q or Mn3*/Mn**
in doped CaMnQOsj;), the electronic degeneracy is
calculated considering both electron donor and
electron acceptor sites (Table I). Therefore, if g1 and
g are the electronic degeneracies of sites I and II,
the thermopower can be expressed as a function of
the charge carrler concentration using the modified

Heikes formula®*
—’@m(ﬂ {—1 - "D (10)
e 81 P

This equation demonstrates that the magnitude
of the carrier concentration (1 — p/p) and the ratio
of the electronic degeneracies (gi/gr) of the ions
involved play an important role in defining the
magnitude and sign of the thermopower for oxide
thermoelectric materials. The above formula
is applicable to most thermoelectric oxides, includ-
ing Na,CoOy; and its derivative structures
La;_,Sr,CoOg, perovskites and double perovskites,
and misfit-layered Ca3Co4O9 and its derivative
structure Big(Sr,Ca,Ba)sCo050s.

Figure 3 shows the Seebeck coefficient of n-type
Nb-doped CaMnOgs and p-type CazCosOg9 synthe-
sized in our laboratory. The negative value of the
Seebeck coefficient in the case of CaMng 95Nbg 0503
indicates n-type conduction. The increase in the
thermopower with temperature confirms the semi-
conductor-like behavior. However, the nominal
changes in the S value (~30 xV K1) throughout the
entire range of temperature indicate that the ther-
mopower is basically determined by the electron
concentration (Eq. 5). The experimental thermo-
power value can be estimated using the Heikes
formula (Eq. 9) where g3 and 1 g4 are the electronic
degeneracy of Mn and Mn** and p is the concen-
tration of Mn3* at Mn sites. The theoretical ther-
mopower Value for CaMng9sNbg 0505 18 Siheo =
—178 uV K~ (c0n51der1ngg4/g3 = 4/10 and p = 0.05)
(Table I), which is in good agreement with experi-
mental values for the same composition: Sexpe =~
—170 uV K1 at 750 K.

Similarly, in the case of CazCo40g, the positive
value of S throughout the entire temperature range
indicates p-type conduction. As in the case of
CaMnQO3, the thermopower of Ca3zCosOg9 can be
estimated using the Heikes formula (Eq. 9) where

S(T — o) =
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Table I. Electronic (g), spin (gspin)é
and low-spin (LS) Mn®*, Mn?*, Co

and orbital (g,1ita1) degeneracy for high-spin (HS), intermediate-spin (IS),
* and Co®* cations in octahedral (0,) crystal field

Cation at O, Site da» Bspin =2S +1 Zorbital £ = Zspin X Lorbital
Mn®* (HS) d* (3,el) 5 2 10
Mn** d® (£3,¢9) 4 1 4
Co™ (LS) d® (¢5,€9) 1 1 1
Co® (IS) d® (¢5,el) 3 6 18
Co™ (HS) d° (¢4,€2) 3 5 15
Co* (LS) d” (t34e5) 2 3 )
Co** (IS) d® (¢5.e}) 4 6 24
Co** (HS) d® (£3,€2) 6 1 6
% . _ Moyl neg!
Sorbital ("tzg 7ne) ! ("eg _ne)[ne! .
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Fig. 3. Seebeck coefficient as a function of temperature for (a) n-type CaMng gsNbg 0503 and (b) p-type CazCo40s.

g3 and g4 are the electronic degeneracy of Co®* and
Co** and p is the concentration ratio of Co** at Co
sites. X-ray absorption study revealed that both
Co®* and Co** are in low-spin state in Ca3Co4Oy,
yielding gs/gs = 1/6 (Table I). Considering gs/g4 =
1/6, the theoretical thermopower value is estimated
to be Sineo = 155 uV K1, which is in good agree-
ment with the experimental value for CazCo4Og9 of
Sexpt ~ —145 1V K~ ' at 400 K.

Electrical Conductivity of Metal Oxides

The electrical conductivity of metal oxides has
been explained through the polaron hopping model.
In solids, electron—phonon interaction results in the
formation of polarons. When the electron—phonon
interaction is weak, the overlap of neighboring
orbitals is larger, resulting in the creation of large
polarons. When the electron—phonon interaction is
strong, electrons push negative ions further away,
and the overlap of neighboring orbitals becomes
narrower until electrons fall into localized states.
This phenomenon is defined as a small polaron.?®

The direct-current (DC) electrical conductivity (o)
of oxide materials can be explained on the basis of
the polaron hopping conduction theory of Mott*®
based on the strong electron—phonon (small polar-
on) coupling approximation. The conductivity in the
high-temperature limit (7' > 0p/2) is given by

ao w
05 <ekaBT>’ (11)
where a9 = vynNrme?R2M,, (1 — Mvgexp (’Z;“R), Vph 18
the optical-phonon frequency (~10'2 Hz), RNy is the
number of transition-metal ions per unit volume,
R is the average hopping distance, M, is the ratio
of transition-metal ion concentration in the low-
valence state to the total transition-metal ion concen-
tration, o is the electron wavefunction decay constant
of the 3d electron wavefunction, W is the activation
for conduction, T is the absolute temperature, and 0p
is the Debye temperature for the acoustic modes,
defined as 0Op =~ hvpn/ks, where h is Planck’s con-
stant. The tunneling term exp(—20R) reduces to
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unity if the conduction is mainly controlled by the
activation energy W. This model predicts an appre-
ciable departure from linearity in a In(o) versus 1/T
plot at low temperature (T < 0p/2), indicating a
decrease in the electrical conductivity with decreasing
temperature. Assuming a strong electron—phonon
interaction, Austin and Mott®” expressed the acti-
vation energy for hopping conduction as

- Wyd—% for T'>0p/2
W= {Wd for T<0p/4’ (12)

where Wj, is the polaron hopping energy and Wy is
the disorder energy. Both W}, and W4 are dependent
on the dielectric constant of the material.”®

At low temperatures, where the polaron hopping
energy (Wy) is small and the static disorder energy
(Wy) plays a dominant role in the conduction
mechanism, Mott? proposed that charge transport
may occur beyond nearest neighbors through vari-
able-range hopping. The conductivity for variable-
range hopping is given by

To\ V4
-(7)
where o9 and T are constants and T is given by

Ty = 1944 ), (14)

where N(Er) is the density of states at the Fermi
level.

A generalized polaron hopping model proposed by
Schnakenberg (Eq. 14) indicates that the conduc-
tivity at high temperature is dominated by optical
multiphonon processes whereas at low temperature
the same is governed by a single optical-phonon
process. The activation energy in this model
decreases with decreasing temperature.®’

; (13)

0 = 0p €Xp

(15)

Figure 4 shows the electrical conductivity as a
function of temperature for n-type CaMng 95Nbg 0503
and p-type CazCo4Og. In both cases, the conductiv-
ity increases with temperature, indicating semi-
conductor-like behavior as evidenced from the
thermopower analysis (Fig. 3). The plots of In(¢T)
versus 1/T show a linear fit at high temperature.
This confirms that the conduction mechanism can
be attributed to small polaron hopping, as expressed
by the Mott theory (Eq. 10), between Mn>* and
Mn** in CaMnggsNbg 0505 or between Co®* and
Co** in Ca3Co40q (Table I).

Thermal Conductivity of Metal Oxides

In a crystalline solid, heat can be carried by
charge carriers, described as the electronic contri-
bution x4, and by lattice vibrations, denoted as the
lattice component k.. The total thermal con-
ductivity (x) is the overall contribution of the elec-
tronic and lattice components and can be expressed
as K = Ko + Klattice- The electronic contribution (k)
depends on the charge carrier concentration and is
related to the electrical conductivity (¢) through the
Wiedemann—Franz law: x, = LoT, where L is the
Lorenz factor on the order of %kBT, which is equal
to the Lorenz factor Ly = 2.45 x 107®* W Q K2 for
free electrons. The lattice thermal conductivity
corresponds to transfer of vibrational energy from
one atom to the next, considered as the propagation
of a wave. The quantization of vibrational waves is
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Fig. 4. (a) Temperature dependence of electrical conductivity of n-type CaMng gsNbg 0503 (blue square) and p-type CazCo4O4 (red circle) and
(b) In(aT) versus 1000/ T for CaMng g5Nbg 0503 (blue square) and CazCo4Og (red circle). The scattered points indicate experimental data, and

solid line represents the linear fit.
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called a phonon Phonons are regarded to be the
energy carriers responsible for heat conduction in a
lattice. The lattice vibration® (;qamce) is mdependent
of the carrier concentration and is observed in all
crystalline solids, regardless of whether they are
metals, semiconductors, or insulators. The vibra-
tion spectrum of a three-dimensional (3D) lattice
has three acoustic modes (two transverse and one
longitudinal) and (3n — 3) optical modes (where n is
the number of atoms per primitive unit). Optical
phonons do not move through the lattice but oscil-
late back and forth from their standing positions.
The acoustic phonons contribute mainly to the lat-
tice thermal conductivity. The lattice thermal con-
ductivity corresponds to the propagation of phonons
in the three spatial dimensions through the crystal
lattice and is defined by the phonons in the three
dimensions as Kiattice = 3 Cyvslph = 3 Cyv21, where Cy
is the specific heat per unit volume, 7 is the phonon
relaxation time, /,;, is the phonon mean free path,
and v is the veloc1ty of sound, where vy = [, / 7. The
lattice thermal conductivity is governed by the
combination of phonon—phonon scattering, point
defect scattering or (in nanostructured materials)
boundary scattering, and is expressed as
1= ~1or as 11 Loy 1L L A limit
on the thermal conductlvfty 18"set by p[}'ionon colli-
sions that do not conserve momentum. The most
important processes involve three phonons and can
be of two kinds. In normal or N-processes, both
energy and momentum are conserved, and therefore
these do not control the thermal conductivity,
rather leading to redistribution of phonons. In
Umklapp or U-processes, momentum is not con-
served, and therefore these directly control the
high-temperature thermal conductivity. At high
temperatures (T > 0p), Umklapp phonon—phonon
scattering predominantly contributes towards xiattice-
At low temperatures (T < 0p), it becomes exceedingly
difficult for any U-processes to occur and the thermal
conductivity is dominated by boundary and point
defect scattering. Boundary scattering in polycrys-
talline materials depends on the grain sizes and is
particularly effective in nanostructured materials
such as nanowires, thin films, and nanocomposites.
Scattering by point defects arises from both mass
and strain contrast within the lattice. Umklapp and
point defect scattering target high-frequency pho-
nons, while boundary scattering is often the domi-
nant scattering mechanism at low frequencies.
Combining the above scattering mechanisms results
in a lattice thermal conductivity which is propor-
tional to 7° at low temperatures (T < 0Op) and varies
inversely with temperature (T~ ') at high tempera-
tures (T' > 0p). However, a detailed theoretical dis-
cussion on lattice thermal conductivity lies outside
the scope of this paper and is described elaborately
in Refs. 9 and 31.
In the case of oxide materials, the major contribu-
tion to the total thermal conductivity originates from
the lattice. Figure 5 displays the total thermal con-
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ductivity and the lattice contribution as a function of
temperature for both n-type CaMng g5Nbg 0503 and
p-type CazCosOg. The electronic contribution to the
thermal conductivity calculated from the Wiede-
mann—Franz law (mentioned above) is negligible in
comparison with the lattice contribution. This figure
indicates that the thermal conductivity of both oxides
is mostly dominated by the phonon contribution.

Low Kjattice can be obtained by designing many
internal interfaces by nanostructuring so that the
thermal conductivity can be reduced more than
the electrical conductivity due to their different
scattering lengths. Nanoengineering techniques
enhance phonon scattering through controlling the
phonon mean free path by selective scattering of
phonons of different wavelength. If the unit cell axis
of the oxide is smaller than the mean free path of
phonons and larger than the mean free path of
electrons or holes, it is possible to reduce kiaitice by
boundary scattering. Doping normally affects short-
wavelength acoustic phonons. However, mid- to
long-wavelength phonons remain largely unaffected
and conduct heat in a heavily doped system. In
contrast, a nanostructured system can scatter mid-
and long-wavelength phonons and thereby further
reduce the lattice thermal conductivity. Nano-
structuring can be achieved either by in situ formed
inhomogeneities at the nanoscale level (nanoinclu-
sions) driven by phase segregation such as spinodal
decomposition and nucleation and growth or by
nanocomposite formation. 82,33

TRANSITION-METAL OXIDES

Transition-metal oxides with incompletely filled
d-electrons and narrow energy bands are strongly
correlated electron systems where large coulombic
interaction yields close correlation of the spin,

A\
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x [Wm'K™"]

1.3 . 1 " L " ! s l.o
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Temperature [K]

Fig. 5. Temperature dependence of total thermal conductivity (kiotal)
and lattice contribution (xphonon) for n-type CaMng gsNbg 0503 (solid
and open squares) and p-type CazCo404 (solid and open circles).
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charge, orbital, and lattice degrees of freedom of
the electrons. Thermoelectric transition-metal oxi-
des can be categorized into four different classes
based on their crystal structure as (i) wide-band-
gap semiconductor oxides, (ii) perovskite-based
oxides, (iii) layered cobalt oxides, and (iv) layered
oxychalcogenides.

Wide-Bandgap Semiconductor Oxides

Wide-band%ap semiconductors such as ZnO
(3.37eV),**®"  Sn0, (3.6 eV),*™*° and Iny0;
(3.6 eV)*' are well-known n-type oxide thermoelec-
tric materials. These materials are also known as
transparent (bandgap ~1.5 eV to 3.5 eV) conducting
oxides (T'CO). They present a broad s—p band in
which the electron mobility () is large, on the order
of 10 ecm®* V"1 s7! to 100 em? V! s7!, giving rise
to high power factors of 10 °Wm 1K 2 to
107* W m~! K 2. However, TCO materials exhibit
fairly high thermal conductivity (k ~ 5 Wm ' K*
t010 W m ! K1), which in turn results in low figure
of merit for these materials. Since the thermal con-
ductivity in oxides is mainly dominated by the lattice
contribution, nanostructuring of TCO phases will
help in reducing the lattice thermal conductivity
through phonon scattering as described in “Thermal
Conductivity of Metal Oxides” section. Recently,
Ohtaki et al.*>** reported a nanocomposite of Al/Ga-
codoped ZnO (Zng 96Alg 02Gag 020) with ZT ~ 0.65 at
1273 K (Fig. 6a). Further, Berardan et al.* reported
that addition of Ge to InyO3 causes precipitation of
fine particles of InoGesO; impurity phase, efficiently
resulting in a reduced x and thereby high ZT of 0.45
at 1273 K for the composition In; 3Gey 203 (Fig. 6b).
Koumoto and coworkers*® investigated the thermo-
electric properties of the homogeneous compounds
(Zn0),,In,03 with layered structure and observed
that the figure of merit increased with increasing
number of ZnO layers.

Perovskite-Based Oxides
Simple Perovskite Oxides*®

The ideal perovskite oxides are represented by the
general formula ABO3, where A is typically a rare-
earth, alkaline-earth or alkali cation and B is the
3d, 4d, or 5d transition metal. The A-site cation is
typically larger than the B-site cations. The perov-
skite structure is described as a framework of a
three-dimensional array of corner-shared [BOg]®~
octahedra forming a large dodecahedral void in
which the A cations are situated (Fig. 7a). The
dimensions of this framework are determined by
the B-O distance, which requires ag = 2(Rg + Ro),
where Rg is the radius of oxygen and Ry is the
radius of B cation. The cell edge ag determines the
size of the dodecahedral void and hence the per-
missible size of the A cation. Assuming that Golds-
chmidt’s rule is obeyed, i.e., that ions are in contact
with each other, it can be seen from the geometry of
the unit cell that (Ra + Ro) = 2ag = \/g(RB +Ro),
where R4 is the radius of the A cation. However, the
perovskite structure is stabilized even if this rela-
tion is not followed exactly. Goldschmidt defined the
%. Perovskite-type
structures, ideal or distorted, are usually obtained
in the range 1.0 > ¢ > 0.75; if ¢ =1, an ideal
perovskite structure is stabilized (e.g., SrTiO3).
Hexagonal structure is stabilized for ¢ > 1.0 (e.g.,
CaCO3). When ¢ < 0.75, ilmenite-type structures
are formed (e.g., CdTiO3, FeTiO3z, MgTiO3). If the
relative sizes of the atoms A, B, and O are appro-
priate, an ideal perovskite structure results (e.g.,
SrTiOs3); otherwise, distortion in the lattice occurs.
The type of distortion depends on (i) rotation or
tilting of distortion-free BOg octahedra, (ii) first-
order Jahn-Teller distortion of BOg octahedra,
and (iii) second-order Jahn-Teller effects on
A- and B-cation polyhedra, reflecting mixing
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Fig. 7. (a) Ideal perovskite oxide SrTiO5; (Pm-3m) and (b) distorted perovskite CaMnOg (Pnma).*

of molecular orbitals and/or lone-pair -effects.
Octahedra tilting is the most common distortion,
which occurs due to the small radius of the A
cation with respect to its 12-fold site within the
BOg polyhedral framework. The BOg octahedra tilt
and buckle about pseudocubic axes to accommo-
date the size of the cuboctahedral void (Fig. 7b).
The octahedra tilting results in changes in A-O
bond length so that they are no longer equal. It
also causes changes in the A-site coordination and
concomitant reduction of the symmetry from ideal
cubic to tetragonal, rhombohedral, orthorhombic,
monoclinic or triclinic perovskite.* a7
Perovskite-based oxides are well known for their
exotic physical properties such as high-temperature
superconductivity, colossal magnetoresistance, fer-
roelectricity, and thermoelectricity because of their
flexible crystal structure. Perovskite-type phases
such as cobaltates, titanates, and manganates
reveal remarkable thermoelectric properties at high
temperatures on doping at the A and B cationic
sites. Perovskite cobaltates are strongly correlated
electron systems with 3d electrons having charac-
teristic degeneracy due to spin and orbital degrees of
freedom. In perovsklte cobaltates (e.g., RECo™O0;)
where each cobalt ion is surrounded by six oxygens
(octahedral crystal field), the competition between
the crystal field and Hund’s rule coupling is
responsible for the degeneracy of the electronic
states of Co>* (Co**) ions in high-spin (HS), inter-
mediate-spin (IS), and 10W4sp21n 3(L2S) s5tates 4Wlth
electronic configuration ¢ (toqez), ¢ (25 )
and #5.eQ (£5.€2), respectlveﬁr ® Different” o bS%ltu—
tions n such cobaltates may cons1derably improve
their transport properties by changing the oxidation
state of cobalt. Substltutlons on A-site by divalent
cations (e.g., Sr or Ca?*) or B-site by divalent cat-
ions (e.g., NiZ*) generate the formatlon of holes as
charge carriers (Co®** + h°® — Co*"). Similarly,
substitutions on A-site by tetravalent cations (e. -8
Ce**) or B-site by tetravalent cations (e.g., Ti*")

induce electrons as charge carriers (Co®* +¢ —
Co?*). Thus, the sign of the Seebeck coefficient can
be adJusted according to the predominance of the
charge carriers, i.e., electrons or holes, and thereby
p- and n-type cobaltates can be designed by suit-
able substitutions. Among the cobaltates, LaCoO;
exhibits a large positive Seebeck coefﬁc1ent at room
temperature with S = 640 ¢V K™, which is charac-
teristic for insulating materials. 48-51 The value of
the Seebeck coefficient of LaCoO3 strongly depends
on the spin state of the cobalt ions and the temper-
ature. LaCoO3 undergoes two thermally activated
spin-state transitions: one at ~100 K from low-spin
to intermediate-spin [¢5,e2(LS) — #5,e}(IS)] state
and another at ~500 K From 1ntermedg1ate spin to
high-spin [t3,e;(IS) — #;,ez(HS)] state, resulting in
metallic behavior. Above %00 K, the thermopower
converges to a constant value of S ~ 37 uVK!
irrespective of the nature and level of substitutions,
leaving very little scope for application of this
material at high temperature. The maximum ﬁgure
of merit reported for a perovskite cobaltate 1s
ZT = 0.081 at 660 K for DyCog 95Nig 0503 phase.®®

Among the perovsklte titanates, SrTiO3 and lay-
ered titanate phases in the form of single crys-
tals,?®53 £ itaxial films,>*®® and polycrystalline
ceramics'®°" % reveal falrly good thermoelectric
properties as potential n-type thermoelectric mate-
rials due to their excellent electronic transport
and stability at high temperatures. Polycrystalline
SrTiO3:Nb showed a highest figure of merit of 0.37
at 1000 K, whereas a thin film of SrTiOs/SrTiO3s:Nb
superlattice was reported to exhibit a largest esti-
mated ZT of 2.4 at room temperature. Like perov-
skite cobaltates, perovskite titanates can also be
made semlconductmg by su1tab1e doping as follows
(using Kroger—Vink notation):'®

A-site doping:
RE;O; + 2BO; — 2RE} + 2B} + 2e' + 605 + (1/2)0; 1

B-site doping:
2A0 + NbyO5 — 2Nbj + 2A%+ 2¢ + 603 +(1/2)0; 1,
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where RE denotes a rare-earth element, A the
A-site cation (Sr), and B the B-site cation (Ti), and e’
is the excess electrons. The electronic band struc-
ture of SrTiOgs is composed of a conduction band
formed by Ti 3d orbitals consisting of triply degen-
erate ¢y, orbitals (3d,,, 3d,,, and 3d,,) and a valence
band formed by an O 2p orbital with a bandgap of
3.2 eV. The d-band nature of SrTiO3; makes a larger
contribution to the effective mass of carrier electrons,
resulting in a Seebeck coefficient of ~ 100 1V K,
even at high carrier concentration. On the other
hand, high carrier concentration results in high
electncal conduct1v1ty glvm,gl,y rlse to high power
factor (PF = 3.6 x 10 K~2) of doped SrTiO;
single crystal comparable to that of conventional
Bi;Tes-based thermoelectric materials. However, as
a major drawback of oxide materials, the titanate
phases also exhlblt hlgh thermal conductivity
(k300k ~ 10 Wm™ ' K1), due to the dominant con-
tribution from the lattice thermal conductivity,
making them unsuitable for practical application. A
further disadvantage of titanates is the oxidation of
Ti* to Ti** under air at high temperatures, leading
to instability of the phases.

The perovskite manganates undergo two types of
structural distortion. One is cooperative rotation of
MnOg octahedra, resulting in orthorhombic
GdFe03-type (ac\/2 x 2a. x aN2) structure. The
other one is cooperative Jahn-Teller distortion, i.e.

ternate elongation of the MnOg with Mn!i
a(;]? — dLdY, y“j configuration along one of the axes

the basal plane of the orthorhombic cell. Among
the manganates, both LaMnO3 and CaMnOs; exhibit
large absolute Seebeck coefficients of S =450
1wV K1 and 800 uV K1, respectively, at 300 K.'®64
p-Type or n-type conduction can be accomplished
by aliovalent substitutions on either the A- or B-site
in both the LaMnOs; and CaMnOj3; systems; For
example substltutlon by divalent cation (Ca®* or
Sr?*) on La3* site or divalent transition-metal ion
on Mn?* site of LaMnOj5 introduces holes into the
system and thereby results in p-type conduction.

Similarly, substitutlon by trivalent rare-earth®-"°
or Bi®>* ions’! on Ca?* site or pentavalent (Nb°*, V°*,

r W5)76-80 o1 hexavalent (Mo5*)8183 substltutlon
on Mn** site of CaMnOj; introduces electrons into
the system, resulting in n-type conduction. The
introduction of electron or hole conduction is real—
ized due to the formation of mixed-valence Mn?*
(3d* — 3 el)/Mn** (3d® — t3 e?) cations. Among the
CaMn03 comp0s1t10ns the hlgghest figures of merit
are reported for Yb-doped CaMnO3 with ZT = 0.16
at 1000 K, for Dy-doped CaMnO3; with ZT = 0.2 at
1273 K, and for Nb-doped CaMnO3; with ZT > 0.3
at 1073 K.'®™ In our group, we have introduced
double substitution at B-sites to understand the role
of increasing effective mass on the transport prop-
erties of perovskite manganates.®* Further, simul-
taneous substitution at A- and B-sites has been
introduced to understand the thermoelectric
behavior in highly disordered systems.®®

Double Perovskite Oxides®®

Ordered perovskites are substitutional deriva-
tives of the simple ternary perovskite structure
formed when either or both of the A- and B-site
cations are replaced by combinations of other cat-
ions located at specific crystallographic sites. If
cations are ordered at only one site, the compounds
are commonly termed double perovskites. The
majority of ordered perovskites studied to date are
B-site ordered double perovskites. The commonest
B-site ordered perovskites have the general formula
AQB BNOG (1 e., AB6 5Bg 503) or A3B B”Og (1 e.,

| /3B1/303), where B and B” are dlfferent cations
in octahedral coordination situated on crystallo-
graphically distinct sites: the ordering styles of
these compounds are termed 1:1 and 1:2 ordering,
respectively (Fig. 8), having the same architecture
of 12-coordinate A sites and 6-coordinate B sites
with mixed valency. B-site ordering occurs either
due to a large size difference between B’ and B” ions
or when the charge difference is > 2.

Fig. 8. (a) 1:1 ordered double perovskite Sr,CozReO1» (Fm-3m) and (b) 1:2 ordered double perovskite BazZnTa,0q (P-3m1).46:8¢
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Double perovskites are reported to show room-
temperature ferromagnetism and magnetoresistance
in SroFeMoOg,®” room-temperature ma%netodielec-
tricity in LasNiMnOg and LasCoMnOg,*® and mul-
tiferroicity in BioNiMnOg,”® to name but a few. Some
of the above double perovskites are half-metallic,
possessing an unusual electronic structure in which
the electrons with one spin have semiconducting
properties while the electrons with the opposite spin
have metallic properties. Further, in some double
perovskites, all the conduction electrons are com-
pletely spin-polarized in the vicinity of the Fermilevel.
The above-mentioned electronic structure could
provide promising electrical characteristics, for
instance, when one spin has a wide band from a broad
orbital, whereas the other spin has a sharp band
(density of states) in the neighborhood of the Fermi
level. Moreover, strong phonon scattering is expected
in ordered—disordered double perovskite systems.®?
Combining the above two characteristics, i.e., prom-
ising electrical conductivity and strong phonon scat-
tering leading to low thermal conductivity, the double
perovskite oxides are expected to be good candidates
for thermoelectric applications. However, to date,
thermoelectric properties have been reported for very
few double perovskite oxides. Notable features have
been observed for the half-metallic Sry_, M, FeMoOg
(M =K, Ca, Ba, La) series with thermopower of
S ~ 100 uV K1, electrical conductivity of ¢ ~ 0.5 x
102S em™! to 1.0 x 10 Sem ™Y, and thermal con-
ductivity as low as k ~ 0.3 Wm 'K 1t0 0.7 Wm™!
K1, giving rise to a figure of merit of ZT = 0.3 at
1100 K.?%%° Recently, Sugahara et al. and Takahashi
et al.?*% reported interesting thermoelectric pro-
perties for Sro_,RE,CoTiOg and Sry_,RE,ErRuQOg,
respectively. This indicates that there is plenty of
research interest opening new field to explore double
perovskite oxides as high temperature thermoelectric
materials.

Layered Perovskite Oxides*®

Layered perovskite oxides consist of infinite two-
dimensional (2D) slabs of ABOs-type structure
which are separated by some motif. The general
formula for the layers is A¢,,_1)BnO@m+1), Wwhere m
indicates the size of the 2D slabs, termed as “slabs
containing m layers of BOg octahedra”; i.e., m =1
means the slab is one BOg octahedron thick, m = 2
means it is two BOg octahedra thick, etc. The
characteristics differentiating layered perovskites
are the motif that separates the layers and the offset
of the layers from each other, termed the interslab
distance. Currently, such layered perovskites are
considered to form three groups of homogeneous
compounds, which are defined on the basis of the
interslab composition (Fig. 9) as follows:

1. The A,y1BmOsmat or Ay[A,, 1B,,05,41]1 or Rud-
dlesden—Popper series with layering parallel to
[001], e.g., Sr3Tis07 (m = 2) or Sr Tiz0q¢ (m = 3)

Nag and Shubha

Fig. 9. Layered perovskite of (a) Ruddlesden—Popper Sr;3Ti,O (/4/
mmm) and (b) Aurivillius Bi,TizO+, (B2cb).*®

2. The A’[A,,_1B,,03,,,1] or Dion—Jacobson series
with layering parallel to [001], e.g., RbCasNb3O+g

3. The (Biy05)[A,,,_1B,,03,,.1] or Aurivillius phases
with layering parallel to [001], e.g., Bi4Ti302

Ruddlesden—Popper (RP) phases are described by the
general formula SrO(SrTiO3),, (m = integer) and are
built up with alternately stacked m-layer perovskite-
type SrTiO3 blocks and one layer of distorted rocksalt
(NaCl)-type SrO interlayer with SrTiO3z as the
m = co member (Fig. 9a). RP phases exhibit a num-
ber of attractive properties such as superconductiv-
ity, dielectric characteristic, magnetoresistance,
ionic conductivity, oxygen permeation, and catalysis,
owing to their unique structural characteristics,
which include the presence of perovskite block layers.
RP phases can be regarded as a natural superlattice
that has an intrinsic ability to exhibit low lattice
thermal conductivity (kjauice), due to the enhance-
ment of phonon scattering at the numerous internal
interfaces of SrO layers in these SrO(SrTiO3),, com-
pounds. Further, it was expected that RP compounds
doped with Nb°* at Ti** site [SrO(SrTi;_.Nb,Os),,]
or with trivalent rare-earth ions at Sr®" sites
[(Sr1_ RE,),,+1T1,,03,,.1] may exhibit excellent
transport properties due to the presence of the
perovskite SrTiOz blocks. The ZT values of Nb-RP
and RE-RP increase with temperature and reach a
maximum range of 0.1 to 0.24 at 1000 K.'® However,
the ZT values are still low compared with conven-
tional thermoelectric materials. One of the reasons
for the low ZT values of polycrystalline RP com-
pounds may be the relatively low electrical conduc-
tivity originating from the random distribution of
insulating SrO layers. Another reason is the low
Seebeck coefficient, which originates from the small
carrier effective mass (m ), being a property intrinsic
to the material rather than to its polycrystalline
nature.
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The Dion—Jacobson (DdJ) phases are similar to RP
phases but differ in that they contain A-site ordered
cation and only one sheet of interslab A cations.
Therefore, DJ phases do not support the phonon
glass—electron crystal phenomenon of thermoelec-
tric materials.

On the other hand, the Aurivillius phase consists
of perovskite slabs of (BigTiz010)?~ with (Biy0g)**
sheets occupying the interslab regions (Fig. 9b). The
perovskite-like slab is 1dent1ca1 to that found in RP
compounds. The (Biy09)%* sheets form a square
planar net of oxygen atoms with Bi®** occurring in
an alternating sequence above and below the net,
forming BiO4 square pyramids. Therefore, Aurivil-
lius phase is also a representative of the phonon
glass—electron crystal phenomenon. However, there
are not many reports on the thermoelectric proper-
ties of Aur1v1111us phase. Recently, Kohri and
Yagasaki®® reported a high Seebeck coefficient of
—28.3mV K ! at 1010 K for Aurivillius phase
Bi;VO55, resulting in a dimensionless figure of
merit of 0.06 at 910 K. Therefore, layered perovskite
oxides need to be explored extensively to obtain
better oxide-based n-type thermoelectric materials.

Layered Cobalt Oxides

Layered transition-metal oxides exhibit very dif-
ferent but remarkable physical properties, as shown
by the well-known high-T', superconductivity of cop-
per-based oxides, the colossal magnetoresistance in
layered manganese oxides, and the room-tempera-
ture metal-insulator transition in thallium-based
cobaltites. With the discovery of large thermopower
in Na,CoOs in 1997, layered cobalt oxides have been
recognized as good candidates for thermoelectric
power applications.’

Na,CoO5 has a hexagonal layered structure with
alternating stacks of Cdls-type CoO, layer and
charge-balancing Na* ions along the c-axis. The

Co0; layer is rhombohedrally distorted with edge-
sharing CoOg octahedra stacked in alternating
fashion (...ABC CBA...). This yields two different
types of trigonal prismatic sites, which are partially
occupied by Na™ ions in a random way (Fig. 10a). In
the layered structure, electrons and phonons follow
different paths, enabling one to control the lattice
thermal conductivity by properly choosing the
number of insulating block layers. This is a mani-
festation of the electron crystal-phonon glass mod-
el, and this type of material design is termed
“nanoblock integration.”® Therefore, the layered
Na,CoO, crystal structure can be regarded as a
prototype phonon glass electronic crystal, where the
ordered CoOy layers serve as electronic transport
layers, while the disordered Na* blocks serve as
phonon-scattering regions to give low thermal con-
ductivity. Further, the CdI,-type CoOz blocks in
layered cobalt 0x1des favor the low-spin state of Co®*
and Co**, resultlng in large thermopower at high
temperatures. 99,100

Recently, another class of cobaltite, called “modu-
lated-layered” cobalt oxide or “misfit-layered” cobalt
oxide, was discovered, in which the cobalt cations sit
in a similar CdI,-type layer as in Na,CoOy.193192
A series of thallium and bismuth cobaltites,
TLI(Sr,Ca);_4011,.C003, Bi,[Ag 75Big.2501(348x2C002
(A = Ca, Sr), and [Big g75rO5]5[C00s]; g2, represent
the first oxides with a misfit-layered structure simi-
lar to that observed previously for chalcogenides.'®
Among the misfit-layered cobalt oxides, Ca3Co4Og9
and BizM3Co20, (M = Ba, Sr, Ca) show interesting
thermoelectric properties. The compounds Ca3CO4O
and BizM3Co20, can be represented as ([CayCo05®
[CoOsl1 62) and ([Biy,. 87M02] [0002]182) respec-
tively, where RS refers to the block of rocksalt-type
layers. Their structures also consist of a single CdI,-
type CoO; layer composed of CoOg octahedra inter-
leaved with rocksalt (RS)-type layers (Fig. 10b, c).
However, unlike in Na,CoQO,, each sublattice of RS
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Fig. 10. Crystal structure of layered cobalt oxides (a) Na,CoO,, (b) CazC040g, and (c) BizSrC0,0,.%"%®
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and CoO, layers is incommensurate with respect to
the other monoclinic b lattice parameter. Electron
diffraction patterns revealed the coexistence of two
monoclinic subsystems of CoO, layer and RS block
with the same a, ¢, and f parameters but different b
unit cell parameters, b; and by, with incommensu-
rability ratio b,/by. Similar to Na,CoO,, in the case
of misfit-layered cobalt oxides, the CoO, layer is
responsible for electric conduction whereas the
rocksalt block stabilizes the crystal structure
through ionic interaction. Satake et al.'®* showed
that the rocksalt layer controls the lattice thermal
conductivity; i.e., the in-plane thermal conductivity
reduces with increasing rocksalt layers, leaving the
electronic properties of the CoOg blocks unperturbed.
This indicates that tailoring the crystal structure by
introducing more RS layers can eventually result in
low thermal conductivity and thereby improve the
thermoelectric properties. Such dependence of the
thermoelectric properties on the crystal slabs has
also been found in the case of (Zn0),,In,O3 and Zintl
compounds.*®

Nax0002 smgle crystal shows large thermopower of
100 1V K~ ! and low electrical resistivity of 200 uQ cm,
resulting in a power factor of 50 yW K2 cm ! at
300 K. The room-temperature thermal conduct1v1ty of
single- cr?fstal Na,CoO, lies between 4 W m ™! K~ ! and
5 W m ! K 1at 300 K.2%1%6197 The high-temperature
properties of Na,CoO, single crystal resultin ZT =~ 1 at
800 K. Polycrystalhne Na,CoO, has hl{ifh resistivity
resulting in a low ZT value of 0.8.1%%'%° However,
application of Na,CoO5 as a high-temperature ther-
moelectric oxide is limited due to its hygroscopicity in
air and the volatility of sodium above 800°C, resulting
in material instability.

The thermoelectric properties of misfit-layered
oxide single crystals showed the largest ZT of 1.2 to
2.7 for Ca3Co40g9 at 873 K, and ZT > 1.1 for BiySrs.
Co,04 at 1000 K.**!1! However, strong anisotropy
in the thermoelectric parameters and nonuniform
crystal growth limit the performance of bulk com-
positions to a maximum Z7 of 0.5 on doping.''?~15

Layered Oxychalcogenides

Recently, Li et al.'**'?° reported the thermoelec-

tric properties of BiCuSeO, a quaternary oxychalcog-
enide of the LnCuChO system (Ln: trivalent ions La,
Bi, Nd; Ch: chalcogenide ions such as S, Se, Te)
exhibiting high figure of merit as an oxide material
reaching ZT ~ 0.9 at 900 K. Quaternary oxychalcog-
enides (LnCuChO) belong to the ZrSiCuAs structure
type in the tetragonal P4/mmm space group. The
crystal structure comprlses (CusChy)” layers stacked
alternately with (LnyO5)?* layers along the c-axis of
the tetragonal cell, giving rise to two-dimensional
confinement effects based on the natural superlattlce
structure''®1?! (Fi ig. 11). The Seebeck coefficient is
expected to be large due to the carrier confinement
effect along the c-axis.’* It is reported that the
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Fig. 11. Crystal structure of BiCuSeO with a layered ZrSiCuAs
structure type with tetragonal P4/nmm space group.

(Lny09)** layer acts as a blocklng barrier for carrier
transport, and the (CuyChy)?~ layer acts as a con-
ductive layer due to the I-VI semiconductor nature
arising from the tetrahedral CuSe4 or CuS, structure,
similar to those in III-V and II-VI semiconductors. 123
Many of these LnChCuO oxychalcogenides exhibit
p-type conductivities as high as 910 S/em with hole
concentrations larger than 10 m > and hole
mobilities as high as 3.5 cm? V-! s~L. Further, the
layered crystal structure may also lead to low thermal
conductivity by enhancing phonon scattering on the
interfaces, the presence of heavy elements, and weak
bonding between layers.*! The wide bandgap (>3¢eV)
of LnCuChO compounds is primarily determined
by the (CusChy)?~ layers: the Cu 4s orbitals mainly
control the conduction-band minima (CBM), while
admixed Cu 3d and Ch p orbitals mainly control the
valence-band maxima (VBM).'?!

Further, in the case of BlCuSeO the pseudo-
closed- shell 6s® configuration of Bi** forms largely
hybridized orbitals (i.e., hole transport paths) with
the p orbitals of the Se "anion at the VBM composi-
tions, resulting in high-mobility p-type conduction
compared with other LnCuOCh oxychalcogenides.
BiCuSeO is reported to show good electrical con-
ductivity above 4 x 10° S m 1 large Seebeck coef-
ficient above 200 uV K ! and low thermal
conductivity of 0.5 W m ™! K! , resulting in a figure
of merit of 0.7 at 773 K.''7 Further a ZT value of
1.1 at 923 K has been obtained for heavily doped
BiCuSeO with the addition of Ba (Bi;_,Ba,CuSeO).
Ba doping of BiCuSeO changes the electrical
transport property to metal-like behavior, resulting
in a substantial increase of ZT. So far, this is the
highest ZT value relported for a p-type oxide ther-
moelectric material.
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CONCLUSIONS

The scarcity of fossil fuels and accompanying
adverse environmental concerns demand alternative
renewable energy sources. In light of this, thermo-
electric energy conversion using thermoelectric
materials has received more attention due to its
simple configuration, low level of maintenance, rug-
gedness, and lack of moving parts. Heavily doped
semimetals such as BiyTes-, PbTe-, and SiGe-based
intermetallic alloys form the benchmark for com-
mercial applications of thermoelectric power gener-
ation between 300 K and 800 K. During the last
decade, research on oxide thermoelectric materials
has become extensive due to their structural and
chemical stabilities, oxidation resistance, environ-
mental friendliness, easy manufacturing, and low
cost. Transition-metal oxides with strongly corre-
lated electron systems are emerging as new thermo-
electric materials with figure of merit (ZT =~ 1)
comparable to conventional materials. Through the
crystal structure, the electron, spin, and orbital
degeneracy, polaron hopping, and phonon scattering
at interfaces, all three transport properties, viz. the
thermopower, electrical conductivity, and thermal
conductivity, can be manipulated.

Thermoelectric transition-metal oxides can be cate-
gorized into four different classes based on their crystal
structure as (i) wide-bandgap semiconductor oxides, (ii)
perovskite-based oxides, (iii) layered cobalt oxides, and
(iv) layered oxychalcogenides. Although wide-bandgap
semiconductor oxides such as ZnO, SnOs, and In,O3
exhibit high power factors of ~10 > Wm 1K 2 to
10~* W m ! K2, their high thermal conductivity is an
impediment to practical application as n-type thermo-
electric materials. This high thermal conductivity is
being addressed by in situ nanostructuring in doped
Zn0O and Iny,03. Other wide-bandgap semiconductors
with p-type conduction are the BiCuSeO-based oxy-
chalcogenides, which show figures of merit close to
unity due to the two-dimensional confinement effect
based on the natural superlattice structure consisting
of conducting (CuysSep)”” layers stacked alternately
with nonconducting (Bi;05)** layers along the c-axis.
Layered cobalt oxides such as Na,CoO,, CazCo40g, and
BiySryCo0, with p-type conduction show figures of
merit of ~0.45 for polycrystalline samples arising due
to the phonon glass—electron crystal nature of their
structure of alternating stacks of CdI,-type ordered
Co0Og conducting layers and rocksalt-type disordered
phonon-scattering layers. The simple perovskite-based
oxides SrTiO3; and CaMnOs; are promising n-type can-
didates, achieving ZT' = 0.4 due to their flexible crystal
structure. Further studies have revealed that double
perovskites with ordered—disordered structure would
be potential candidates to explore as n-type oxide
thermoelectric materials. Layered perovskites with
Ruddlesden—Popper and Aurivillius structures need to
be explored extensively to obtain better n-type oxide
thermoelectric materials. Last but not least, efforts
should be made towards exploring existing materials or

identifying new materials that show both n- and p-type
conduction, possess the same crystal structure, and
exhibit similar physical and chemical properties lead-
ing to high conversion efficiency of oxide-based ther-
moelectric generators.
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