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Recent aspects of oxide thermoelectric materials for power
generation from mid-to-high temperature heat source

Michitaka OHTAKI'

Department of Molecular and Material Sciences, Interdisciplinary Graduate School of Engineering Sciences,
Kyushu University, Fukuoka 816-8580

Rapid progress in thermoelectric performance of oxide materials has been conducted virtually exclusively in Japan, resulting in
more than 10 times increase in the Z7 values of oxides within the last two decades. This has caused a revolutionary change in the
guiding principles of thermoelectric materials research, in which oxide materials had been disregarded as a potential candidate
until early 1990s. Promising oxide thermoelectric materials having been discovered include CaMnOs-based perovskites, Al-doped
ZnO, layered cobalt oxides represented by NaCo,04 and Ca3;Co040y, and SrTiO;-related phases. This paper reviews the current
aspects of oxide thermoelectric materials, and some strategies of nanostructure control for selective reduction of the lattice

thermal conductivity (selective phonon scattering) in bulk oxide ceramics will also be discussed.
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1. Introduction

A temperature gradient across a solid (except superconducting
materials) generates an electrical voltage between the hot and
cold ends. This phenomenon, discovered in 1821 and named the
Seebeck effect, has extensively been utilized in thermocouples
for temperature measurement. While the voltage (thermoelec-
tromotive force, TMF) generated by metals is generally less
than 50 uV/K, semiconductors can generate the TMF of several
hundreds of uWV/K. Since n- and p-type semiconductors gen-
erate the TMF of the opposite signs, and thereby doubles the
voltage when combined, a semiconductor element (unicouple)
as shown in Fig. 1 is fabricated as a unit component, and is
connected in series to assemble thermoelectric modules in
practical. This technology for direct conversion of heat to
electricity is called thermoelectric conversion or thermoelectric
power generation.

The energy conversion efficiency of the thermoelectric power
generation is governed by the figure-of-merit, Z [K~'], of
materials constituting the unicouple as

S2o S2o
K Kel + Kph

where S [V/K] is the Seebeck coefficient, o [S/m] is the
electrical conductivity, k [W/mK] is the thermal conductivity,
Ko and Ky, are the carrier and phonon components of «,
respectively.) Since the conversion efficiency is directly deter-
mined by Z multiplied by average operating temperature, 7,
so-called dimensionless figure-of-merit, Z7, materials with larger
S, higher o, and lower k are desired. The efficiency reaches
approximately 10% at ZT =1, and hence ZT > 1 is generally
accepted as a criterion for practical applications. However, the
three physical parameters comprising Z are all the functions of
the carrier concentration, #, as depicted in Fig. 2; while S and o
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Fig. 1. (Color online) Schematic illustration of a thermoelectric uni-
couple.

vary inversely each other, 0 and k change in the similar way
(the Wiedemann—Franz law). Thus, improvement in Z7 is not an
casy task.

According to classical semiconductor theories assuming
itinerant electrons in the wide conduction band, the numerator
of Z, 8?0 (called power factor), takes the maximum at a carrier
concentration in the order of 10'°/cm?, regardless of materials. If
the optimal » is uniquely determined, all what we can do for
higher ZT is to increase the carrier mobility to obtain higher o at
the fixed n, and to decrease iy, in k. Conventional thermoelectric
materials developed until 1990s having been selected by these
guiding principles are intermetallic compounds and alloys with
covalent bonding characters (for higher mobility), and consist of
heavy elements (for lower k) such as Bi, Te, Pb. Representative
materials are Bi,Te; for room temperature up to 200°C, PbTe for
400-600°C, and Si-Ge alloys for 400-1000°C as shown in
Fig. 3. However, these materials are incapable of wide commer-
cialization because of their shortcomings such as poor durability
at high temperature in air, low abundance and high cost of
the comprising elements, and high toxicity.

©2011 The Ceramic Society of Japan
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Fig. 2. (Color online) The carrier concentration dependence of S, o,
and K.
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Fig. 3. (Color online) Typical waste heat and operating temperature
ranges of various thermoelectric materials.

Metal oxides are ionic compounds consisting of metal cations
and oxygen anions alternately placing with the Coulombic
attracting interaction between them. Since the metal-oxygen
bonds are largely polarized, conducting electrons tend to localize
on the positively charged metal cations. Moreover, overlapping
of atomic orbitals between the atoms is smaller than that in the
covalent compounds. These characters lead to the carrier mobility
of oxides generally 2-3 orders lower than those of Si and other
covalent compounds. Moreover, large bonding energies of the
ionic bonds and the small atomic mass of oxygen give a high
velocity of the elastic waves propagating the crystal lattice of
oxides, yielding a high lattice thermal conductivity, k. These
inherent characters of metal oxides are obviously against the

conventional guiding principles for higher Z7, and thus metal
oxides have been totally disregarded in the history of thermo-
electric materials until the early 1990s.

In mid 1990s, however, emerging new guiding principles
stimulated the researches for novel materials including oxides.
Boosted by the global environment issues and carbon dioxide
mitigation problems, oxide thermoelectric materials, which are
highly durable at high temperature in air, non-toxic, low cost and
minimal in environment impact, are becoming of more and more
importance with aiming at recuperation of decentralized waste
heat energy for higher energy efficiency. In this review, a
landscape of oxide thermoelectric materials covering a wide
variety of substances will be given with recent aspects of
materials researches.

2. High mobility oxides

In 1991, the authors started to investigate an ability of oxide
materials for thermoelectric applications. We first focused on
In,03-based oxides, in which In,03;—SnO, complex oxides have
been well known as ITO (Indium-Tin-Oxide), one of the most
highly conductive oxides for transparent electrodes in many
industrial applications. In the systematic study on the thermo-
electric properties of In,Os-based complex oxides, In,O3-SnO,
was revealed to show a largest power factor of 1.6 x 107
Wm™'K™2 and Z=0.04 x 103K~ at 1000°C. The highest
ZT value was 0.06, being of course much lower that those shown
by conventional non-oxide materials. However, the ZT value
appeared to further increase at higher temperature, suggesting
a possibility of heat-resistant oxide semiconductors for high-
temperature thermoelectric power generation.”

Recently, addition of Ge to In,O; was reported to increase o
by electron doping by the substitution of Ge*+ for In3*, while
precipitation of fine particles of the In,Ge,O; impurity phase
efficiently reduced k, resulting in Z7 = 0.45 at 1273K at the
composition of In; §Geg,03.%

3. Oxides with hopping conduction mechanism

In ionic crystals such as oxides, conduction electrons (or
positive holes) polarize the surrounding crystal lattice by strong
electron—lattice interactions, localizing themselves on the lattice
points with inducing lattice distortion. Such localized electrons
are called small polarons, and travel by a hopping mechanism
accompanied by the surrounding lattice distortion. This mecha-
nism results in the carrier mobility much lower than that for the
band conduction. Whereas the upper limit of the small polaron
hopping in oxides is considered as low as 1-0.1 cm?/Vs, some
oxides with small polaron hopping mechanism have been
revealed to show relatively high thermoelectric performance
considering their low mobility values.

La;_,Sr,CrO; is a highly conductive perovskite-type oxide
with high thermal durability, and has been widely used such
as interconnectors in solid oxide fuel cells. The conduction
mechanism of the oxide was reported to be small polaron
hopping with thermally activated carrier mobility; log(oT)
proportional to 1/7, which indicating thermally activated o,
and nearly temperature-independent S values were observed.?
The o values of 10'-10?S/cm over the wide temperature range
from room temperature up to 1800°C with the positive S values
of 200-300uV/K appear to be promising for thermoelectric
applications. The thermoelectric performance of Laj g5Srg 15CrO3
was reported as ZT = 0.14 at 1600 K.% Interestingly, despite the
hopping conduction with a constant carrier concentration, the
positive S values linearly increased with increasing temperature.
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Fig. 4. (Color online) Crystal structures of layered cobalt oxides.'®

A similar behaviour was reported on B,C and is explained by
hopping between non-equivalent sites.®

The authors have studied on another perovskite-type oxide
CaMnOj; showing the conduction mechanism similar to that of
La,_,Sr,CrO;.7? Substitution of the Ca sites with Bi increased
the o values at room temperature more than 3 orders of
magnitudes; (Cag9Bijp;)MnO;3; showed the power factors of 2 x
107*W/mK? or larger.”"® Moreover, Ca(Mngglng )O3 main-
tained the power factor of 2-3.5 x 10~*W/mK? over the range
of room temperature up to 900°C, and the largest values of
Z=0.14 x 10-3K~! and ZT = 0.16 were obtained at 900°C.”
A good correlation was found between the hopping carrier
mobility and the ionic radii of the substituent cations, suggesting
that In>* with the largest ionic radius in this study resulted in the
longest intersite distance and hence the highest hopping mobility.
It should be noted that the thermoelectric performance of the
oxide having a carrier mobility of as low as ~1 c¢m?/Vs is higher
than those of many high mobility oxides. Recently, CaMnOs-
based oxides have been revisited, and a refined composition with
improved performance was employed as n-type leg of oxide
thermoelectric modules.!”') Furthermore, simultaneous substi-
tution at both Ca and Mn sites was reported to attain ZT = 0.21.'?

4. Layered cobalt oxides

A number of metal oxides, including well-known layered
cuprate high-7;, superconductors, are known to have layered
crystal structures. The thermal conductivity of layer-structured
materials is expected to be significantly low due to phonon
scattering at the interfaces between the layers. Moreover, drastic
improvement of the thermoelectric performance was theoretically
predicted for quantum-well structures.!>»'9 These anticipations
have attracted much interest to metal oxides with layered crystal
structures.

In alloys and solid solutions of rare-earth elements known as
“heavy fermion” systems, a strong electron correlation between
localized f-electrons and itinerant conduction electrons makes
electronic specific heat, i.e. density-of-state 100-1000 times
larger than normal values, and accordingly, exceptionally large
Seebeck coefficients were observed. While strongly correlated
electron systems in oxides are typically observed in high-T7,
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superconducting cuprates, no promising materials in thermo-
electrics has been found in this family. However, a series of
layered cobalt oxides related to high-7, superconductors were
discovered to show outstandingly high p-type thermoelectric
performance in oxides.

The first report on a large Seebeck coefficient in NaCo,04
has triggered extensive studies on layered cobalt oxides.!®-'® As
shown in Fig. 4, a common feature of this family is the Cdl,-type
two-dimensional hexagonal CoQ, layers consisting of edge-
sharing CoOg octahedra. While the CuO, layers in the super-
conducting cuprates consist of planar square lattices of Cu—O, the
Co0; layers in the layered cobalt oxides consist of planar triangle
lattices of Co—Co, suggesting a magnetic frustration in the spin
configuration of conduction electrons. In NaCo,04, CoO, layers
and Na layers are alternately stacking along the c-axis. While the
CoO; layers are considered to work as the conduction path of
electrons, the Na layers are largely nonstoichiometric, 30-50%
of the Na sites being deficient as Na,CoO, (x ~ 0.5). The
outstanding thermoelectric performance of this oxide is attributed
to its anomalously large thermopower considering the high
carrier concentration, and its low thermal conductivity compa-
rable to that of glass-like materials. A strong electron correlation
due to spin fluctuation was proposed as the origin of the large
thermopower, and accordingly a measured value of the electronic
specific heat of the oxide was 40—50 mJ/mol K2, being as large
as those observed on “heavy fermion” systems.'®)

Instead of the Na layers, Ca;Co409 (Ca-349, Fig. 4 middle)
has CayCoOj; layers with the triple rock salt structure, and
Bi,Sr,Co,0,, (BC-222, Fig. 4 right) has Bi,Sr,04 layers with
the quadruple rock salt structure. In these oxides, alternate
stacking of hexagonal CoO, layers and rectangular rock salt
layers causes a peculiar lattice misfit, in which only the b-axis
length is incommensurate between the adjacent layers. Accord-
ingly, the chemical formula such as [Ca,CoO3],CoO; (y ~ 0.62),
[Bio.g7sr02]2[C002]]'82, or [Bi28r204]yC002 would be more
adequate to describe these oxides.?”?3) The thermoelectric
properties of these oxides measured on whiskers (ribbon-like
single crystals) of 50-200 mm width along the in-plane direction
revealed the largest ZT = 1.2-2.7 for Ca-349 at 873K,* and
ZT > 1.1 for BC-222 at 1000K.?®
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Fig. 5. The dimensionless figure-of-merit of single crystals of layered
cobalt oxides.3

As shown in Fig. 5, the in-plane ZT values of single crystals of
these layered cobalt oxides exceed unity at 700-1000 K 2325
confirming that the intrinsic properties of these oxides satisfy the
criteria for practical applications. However, a strong anisotropy in
the properties and the crystal growth lead to the performance of
bulk ceramic samples several times lower than that of single
crystals. Although an improvement in ceramic processing
resulted in ZT = 0.7-0.8 for polycrystalline NaCo0,,25»?7 highly
mobile Na ions still remain problematic as they readily form
insulating phases by the reaction with water and CO, in the
atmosphere. Since Ca-349 is much more strongly anisotropic, the
largest ZT values for polycrystalline Ca-349 remain as low as
~0.32% Further improvement in processing techniques is
anticipated in order to derive the outstanding thermoelectric
performance of the single crystals also from practical bulk
polycrystalline ceramics.

5. SrTiOs-based perovskite-type oxides

Strontium titanate SrTiOj crystallizes in the cubic perovskite
structure at room temperature, while most of the “perovskite-
type” oxides are non-cubic. The oxide is essentially a band
insulator with an empty conduction band consisting mainly of
Ti3d orbitals and the filled valence band consisting of O2p
orbitals. However, heat treatment in reducing atmosphere can
form oxygen vacancy and thereby inject electrons into the
conduction band, resulting in high electrical conductivity. Since
the bottom of the conduction band consists of 3-fold degenerated
narrow Ti3d-ty, orbitals,?? the conduction electrons were
expected to have relatively large effective mass. Intensive
electron doping under the reducing conditions resulted in the
power factor values of ~10 x 10™*W/mK? for polycrystalline
samples,3?-3) and 20-30 x 107*W/mK? for single crystal.3?
However, the thermal conductivity of the oxide is as high as
6—10 W/mK at room temperature due to its simple crystal
structure and the light constituting elements, limiting the figure-
of-merit of the oxide as Z7T=0.1-0.2. Ohta et al. obtained
ZT = 0.27 on Nb-doped (3.3 x 10?°cm~3) SrTiO; single crys-
tal,» and ZT'=0.37 (1000K) on 20% Nb-doped (4.0 x
102! cm~3) SrTiO; epitaxial thin film.>» Moreover, polycrystal-
line samples were confirmed to show a good performance of
ZT = 0.35 at 1000K,3> comparable to that of high-quality thin
films. While grain boundaries in the polycrystalline samples
strongly deteriorate the performance at low temperature, the

influence is considered to become negligible at high temperature
>700 K. The Nb doping to SrTiO; expands the crystal lattice and
extends the Ti-Ti interatomic distance, leading to larger effective
mass due to increased localization of the carrier electrons. This
influence may compensate a decrease in the Seebeck coefficient
due to the carrier doping, and thereby relatively large thermo-
power would be maintained even at high carrier concentrations.

The major problem of the SrTiO;-based oxides is that the
reducing conditions are necessary for the n-type doping;
oxidative atmosphere such as air will eliminate the carriers at
high temperature. This drawback strictly limits the application of
the oxide in vacuum or inert atmosphere. Practical use of the
oxide will require stabilization of the doped carriers such as anti-
oxidizing surface protection.

6. ZnO-based oxides

The localized characters of the electronic carriers in oxides can
be exploited when the carriers with large effective masses can be
heavily doped, thereby realizing large S and high o simulta-
neously; the layered cobalt oxides and Ti-based oxides can be
classified into this category. Another approach may be to reduce
the ionicity of the metal-oxygen bonds in oxides in order to
increase the carrier mobility. ZnO-based thermoelectric materials
can be one of the examples of this strategy.’®—49

Zinc oxide is a wide band gap semiconductor with a direct
band gap of 3.2-3.5 eV. Zinc has relatively large electronegativity
as a metal, resulting in the less polarized Zn—O bond compared to
other metal-oxygen bonds in metal oxides. Moreover, although
the ratio of the ionic radii of Zn?* and O>~ geometrically requires
6-fold coordination of O?~ around Zn>*, Zn?>* prefers 4-fold
coordination in reality, and hence ZnO crystallizes in the wurzite
structure consisting of apex-sharing ZnO, tetrahedra, the packing
density of the ions being much less than that of the closest
packing. According to this coordination structure, the orbitals of
valence electrons of Zn in ZnO can be regarded as sp® hybrid
similar to that of C in organic compounds, suggesting a large
covalency of the chemical bonds in the oxide. This peculiar
coordination structure as oxide also restricts the elements and
their solubility limits for substitution at the Zn sites in ZnO.

Non-doped bulk ZnO is an n-type semiconductor showing
increasing o with increasing temperature. However, a small
amount of Al doping increases o more than 3 orders of
magnitude at room temperature, and changes the conduction
behavior from semiconducting to metallic with dp/dT > 0.
Whereas the thermoelectric performance becomes maximum at
the composition of x = 0.02 in Zn;_,AlL0,337 the solubility
limit of Al in ZnO is lower than 2 mol %, and excess Al forms
fine ZnAl,O, spinel phase in the samples at x > 0.01.374D A
ceramic sample of Zng¢gAly 02O showed large power factors of
10-18 x 107*W/mK? over a wide temperature range,’” these
values being comparable to that of Si—Ge alloys employed in
radioactive thermoelectric generators for space applications.*?

The carrier mobility of ZnO at room temperature was reported
as ~200 cm?/ Vs for single crystal*® and 80 cm?/ Vs for Al-doped
ceramic sample.” These values are comparable to that of SnO,
(240 ¢cm?/ Vs for single crystal), and are one of the largest values
observed in oxides. Nevertheless, the light constituting elements
and strong interatomic bonding in ZnO lead to a high Debye
temperature of Op = 416 K, and hence a high sound velocity of
acoustic phonons carrying heat. Accordingly, the x values of
ZnO are very high compared to other thermoelectric materials,
54 W/mK for single crystal (along the c-axis)** and 40 W/mK
for polycrystalline samples®” at room temperature. These high

773



JCS-Japan

Ohtaki: Recent aspects of oxide thermoelectric materials for power generation from mid-to-high temperature heat source

0-7 T T LI Li

—e— ZnAl0.02Ga0.010
—5— ZnAl0.02Ga0.020
0.6 | —— znA10.02Ga0.030
—=— ZnAl0.02Ga0.040
—o— ZnAl0.02Ga0.050
0.5 | —o— ZnAI0.03G20.010
—=— ZnAl0.03Ga0.020
—e— ZnAl0.03Ga0.030
0.4 -] —— znAI0.04Ga0.020 o

- —i@— ZnAl0.020
N

0.3

(Y ) I—— —

01F——

o L& oty ;
0 200 400 600 800 1000
Temperature / °C

Fig. 6. (Color online) Dimensionless figure-or-merit, Z7, of Zn;_,_,-
AL,Ga,0.%)

K values limit the thermoelectric performance of the oxide as
Z=024x1073K"", ZT'=0.30 at 1273K. However, these
values are still the largest among n-type oxides.

Estimating the electron thermal conductivity, k¢, by the
Wiedemann—Franz law, the phonon thermal conductivity, ipp,
was revealed to be predominant in the total k of the oxide. The
phonon thermal conductivity of ZnO can be efficiently reduced
by doping Ga and In, group 13 elements heavier than Al,3® and
by making solid solutions with MgO?? and NiO.*? In these
cases, however, mass fluctuations introduced by atomic substi-
tution at the lattice points scatter not only phonons but also
electrons. Consequently, the o values unfavourably decreased
and improvement in Z7 was unsuccessful. Fortunately, if an
element with electronegativity similar to Zn is introduced,
deterioration of the electrical properties was relatively small.*?
This suggests that kph can be selectively reduced by carefully
choosing the scattering centers.

Very recently, we have carried out co-doping of Al and Ga to
ZnO, and successfully reduced the « value of the oxide. The
thermoelectric performance of the oxide was thereby markedly
improved by the co-doping, obtaining Z7' = 0.47 at 1000K and
ZT = 0.65 at 1273 K for Zng 9sAlg0,Gag,0,0* as shown in Fig. 6.
This is the highest ZT values so far reported on bulk n-type
oxides.

7. Concluding remarks

As discussed above, while some p-type oxides have achieved
ZT =1 in single crystal form, the performance of practical
polycrystalline bulk oxide materials is still insufficient. Even so,
development of oxide thermoelectric modules aiming at potential
market is also in progress. One of the recent topics is develop-
ment of pipe-type thermoelectric modules by Funahashi et al. in
AIST, Japan, for heat exchangers in gas water heaters.*® One
module consisting of 54 pairs of oxide p-n legs surrounds a metal
pipe, in which water flows to keep the temperature difference.
The surfaces of the modules are heated up to ca. 1000°C by the
flames of natural gas combustion. One pipe-type module can
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Fig. 7. (Color online) The timeline for the highest Z7 of oxide thermo-
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generate an electricity of 0.28 W. According to the report, Type-
24 gas water heaters widely used for individual houses in Japan
can be equipped with 60 of the pipe-type modules, and aided by
reduction of internal resistance of the modules and improved heat
conduction, power generation of 800 W is expected.

On fabricating modules, one of the major drawbacks of oxide
materials is that it is difficult to obtain both n- and p-type
materials from the same mother compound. There are some other
technical issues such as stability of high temperature junctions,
material selection and jointing for electrodes and current
collectors, and mismatch of thermal expansion coefficient of
the module components, etc. Nevertheless, oxide thermoelectric
modules are very attractive, because they can utilize conventional
ceramic processes, can be used directly at high temperature or in
combustion flames, and are durable, non-toxic, and low cost.

Recently, it was reported that two-dimensional electron gas
(2-DEG) formed at the interfaces of a superlattice structure made
by StTiO; epitaxial thin films showed ZT ~ 2.4.*” Towards the
independent control of electrons and phonons, a large diversity of
the crystal structures and conduction mechanisms in oxides as
well as nanostructure controls are becoming more and more
important. Figure 7 depicts the history of oxide thermoelectric
materials. Recovery of unused waste heat by oxide thermoelectric
modules is anticipated to be realized in the near future.
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