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Abstract
Zinc oxides have attracted attention in high-temperature waste heat recovery due to their high
melting points. This review aims to provide a comprehensive summary of the effects of dopant
on thermoelectric properties of ZnO based bulk, thin films, nanowire as well as the effects of
nanostructuring on ZnO based materials. In general, the thermoelectric performance can be
enhanced by a single doping. Among single dopant elements, Al dopant seems to be effective
dopant resulting in better thermoelectric properties. However, the solubility limit of the dopant in
single doping limits the improvement of thermoelectric performance. Efforts in dual doping to
improve the thermoelectric properties of ZnO materials have been conducted. As a result, the
drastic improvement of the thermoelectric performance from Al-Ga dually doped ZnO bulk and
Ga-In dually doped ZnO thin films shows strong evidence of this approach. In addition to doping
effects, the thermoelectric performance can also be enhanced through structural effects such as
mismatches between the film and substrate, morphology, thermal treatments or introducing
nano-precipitated materials. In addition, the low-dimensional structure such as nanowire
structure is promising for improving the thermoelectric properties of materials because of their
strong quantum confinement effect. This leads to the increase of the Seebeck coefficient
according to the Mott’s relationship without lowering the electrical conductivity.

Keywords: ZnO thermoelectric materials, single and dual doping, thermal conductivity,
nanostructuring

1. Introduction

Thermoelectric (TE) power has been recently discussed as an
alternative renewable and green energy. Indeed, the thermo-
electric generator, without moving parts, enables direct con-
version of heat into electricity driven by thermoelectric
effects. Heat, produced by automobiles, industrial facilities,

power plants, and even through home heating, is discarded
into the atmosphere or water as waste. Also, more than 60%
of the primary energy in fossil fuels is released as waste heat.
Therefore, thermoelectric power, particularly TE materials
have drawn much attention. The efficiency of thermoelectric
materials is presented by the dimensionless figure of merit
(ZT) which is derived from a combination of three physical
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parameters: Seebeck coefficient (S), electrical conductivity
(σ) and thermal conductivity (κ): ZT=(S2σ/κ)T, with the
absolute temperature T. A good thermoelectric material would
ideally possess both high electrical conductivity (like a metal)
and Seebeck coefficient (like a semiconductor) while the
thermal conductivity is low (like an insulator). This results in
the maximum temperature difference, which generates a high
output voltage per unit temperature gradient [1]. However, the
physical relationship of these three parameters makes it
challenging because the Wiedemann–Franz law shows that κ
is proportional to σ and the simultaneous enlargement of S
and σ is limited by the Pisarenko relationship [2]. It means
that improvement in σ not only increases the thermal con-
ductivity κ but also decreases the Seebeck coefficient S,
leading to a difficult improvement in the power factor
PF=σS2 and ZT, simultaneously. Several approaches to
enhance ZT have been reported, including band structure
engineering by doping or changing composition to increase
the electrical conductivity of materials [3] or band alignment
to maintain hole mobility [4]. On the other hand, the thermal
conductivity can be reduced by nanostructure engineering,
introducing structural defects such as point defects, disloca-
tions, and interfaces to enhance phonon scattering or grain
boundary scattering [5–9].

Thermoelectric metal oxides are attractive for high-
temperature applications due to their high chemical stability
and low raw material costs. However, metal oxides are ionic
compounds which consist of metal cations and oxygen anions
alternately linked by Coulombic force. It is well known that
the metal-oxygen bonds are largely polarized, so conducting
electrons localize around the cations. In addition, carrier
mobilities of metal oxides are generally 2–3 orders lower than
those of covalent compounds due to the smaller overlapping
of atomic orbitals between the atoms. Moreover, a high lattice
thermal conductivity is induced due to large bonding energies
of the ionic bonds. Thus, metal oxide materials have low ZT
value. However, metal oxide materials, which are highly
durable at high temperature in air, non-toxic, low cost and
show minimal environmental impact, are still under invest-
igation for thermoelectric applications [5].

ZnO materials have drawn vast attention in the past
decades due to their interesting characteristics: non-toxic,
abundant resource, cheap and very stable at high temperature
(up to 1000 °C). Many researchers have been focusing on
studying ZnO for thermoelectric applications to improve
electrical conductivity and decrease thermal conductivity
[5–9]. Due to the solubility limit of the single dopant,
simultaneous control of electrical conductivity, Seebeck
coefficient and thermal conductivity for a high ZT reach
threshold. Therefore, many research groups have been
investigating the effects of dual doping on the thermoelectric
properties of ZnO.

In addition, it is well known that the low-dimensional
structure is promising for improving the thermoelectric
properties of materials because of their strong quantum con-
finement effect. Therefore, in this review, we will provide a
comprehensive summary of the effect of dopants and

nanostructuring on the thermoelectric performance of ZnO
materials.

2. Overview of the thermoelectric properties of pure
zinc oxide

ZnO is an n-type semiconductor with a wide direct band gap
of∼3.2–3.5 eV [10] and a large free-exciton binding energy
[11–14] so that excitonic emission processes can persist at or
even above room temperature [7, 15]. ZnO has three different
crystal structures: the wurtzite, rock salt, and zincblende
structures. However, at the ambient conditions, the most
common and stable phase is the wurtzite. In this paper, we
focus on discussing the thermoelectric properties of ZnO with
the wurtzite structure. The wurtzite structure has a hexagonal
unit cell with a ratio of c/a∼1.633 and belongs to the space
group of C v6

4 or P mc6 .3 The structure composes two hex-
agonal-close-packed (hcp) sublattices in which the O2− and
Zn2+ ions are covalently bonded. In the sublattice, each Zn2+

is coordinated by four O2− at the edges of a tetrahedron [10].

Figure 1. (a) A STEM micrograph of the Al-doped ZnO
nanocomposites and EDS line profile of Zn, O, and Al. (b), (c), and
(d) are the corresponding EDS elemental mapping results of Zn, O,
and Al, respectively. ZnAl2O4 nanoprecipitates are marked by
yellow circles in (d). (e) A HRTEM micrograph of a ZnAl2O4

nanoprecipitate and the corresponding FFT image (inset). [Reprinted
with permission from [18]. Copyright 2012 Royal Society of
Chemistry].
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In this structure, ZnO possesses high electron mobility and
thermal conductivity due to the sp3 hybrid valence electrons
in its wurtzite lattice structure [10]. Lin et al [16] reported
very high electron mobility (∼200 cm2V−1s−1) of single
crystal ZnO at room temperature, fascinating the interests of
its electrical properties. However, the biggest drawback of
this material for TE applications is its high thermal con-
ductivity. At 300 K, the thermal conductivity of pure ZnO is
around 49 Wm−1K−1 and decreases to a value of 10
Wm−1K−1 at 1000 K [17]. Therefore, to improve the ther-
moelectric performance of pure ZnO, apart from improving
electrical conductivity, most efforts focus on reducing the
thermal conductivity.

3. Single-dopant doped ZnO based bulks and
thin films

The thermoelectric performance of ZnO materials has been
upgraded with single dopant doping, such as Al [17–23], Bi
[24], In [25–28], Fe [29], Ni [30, 31], Sb [32], Sn [33], Dy
[34], and Ga [35, 36]. It is noted that dopants with heavier
atomic mass compared to the Zn atom are preferred due to its
contribution to decreasing the lattice thermal conductivity by
introducing more mass fluctuations. In addition, the smaller
ionic radius of the dopant also induces smaller distortion of
the host crystal structure.

Ohtaki et al showed that Al dopant could improve the
thermoelectric properties of ZnO with a significantly
increased ZT [12, 17]. The carrier concentration of ZnO is

Figure 2. Schematics of the consolidation process for (a) rods, (b) platelets and (c) nanoparticles, respectively. The consolidated samples of
the rods and platelets were cut and characterized along both perpendicular (tp) and parallel (kp) directions to the pressure axis. The anisotropy
of the consolidated sample of the nanoparticles was negligible. [Reprinted with permission from [20]. Copyright 2014 Royal Society of
Chemistry].
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increased from 5.2×1017 cm−3 of pure ZnO to
7.2×1019 cm−3 of 2 at% Al-doped ZnO. It results in a ZT
value of 0.3 at 1273 K in which the thermal conductivity κ is
about 7 Wm−1K−1, and the combined power factor PF is
1.4×10–3 Wm−1K−1 at 1273 K.

Due to the limited solubility of dopant in ZnO, high
dopant concentration can lead to the secondary phase pre-
cipitated in the ZnO matrix, which also contributes to κ

reduction. Nam et al [18] reported that ZnAl2O4 nanopreci-
pitates exist in 2 mol% Al-doped ZnO nanocomposite, as
shown in figure 1. A drastic reduction in thermal conductivity
(κ<2 Wm−1K−1) was achieved in the nanocomposite, and
the maximum ZT of 0.34 was obtained at 1073 K [18].

In the same manner, Zhao et al [19] reported a low
thermal conductivity of Al-doped ZnO bulk. The micro-
structure consisted of a two-dimensional layered network of
oriented grains, which interconnect in the third dimension
through inter-planar contacts, and grains are embedded with
nano-precipitates. Compared with traditional dense ZnO
without two-dimensional layered networks, Al-doped ZnO
with layered microstructures exhibits a 52% decrease in
thermal conductivity [19].

Li et al [20] reported the correlation between the
morphologies and the thermoelectric properties of Al-doped
ZnO bulk material, as shown in figures 2 and 3. The measured
ZT values for the samples consolidated from rods and plate-
lets were reported to be 0.16 and 0.25 at 1223 K, respectively.
It is noted that the sample consolidated from nanoparticles
had fine grains of several hundred nanometers in size and
highly distributed nanoprecipitates with sizes from 10 to
15 nm within the ZnO grain interiors or along the grain
boundaries, resulting in a ZT value of 0.3 at 1223 K due to the
lowered thermal conductivity resulting from scattering at the
grain boundaries and nanoprecipitates [20].

Zhang et al [21] reported a unique micro/nanostructure
was successfully obtained in Zn1−xAlxO (x=0, 0.02, 0.03,
0.04 mol) bulks. The nanograins were found to be aligned
along the axial direction of the micro-spheres. The

nanostructured bulks Zn0.98Al0.02O bulk achieved a low κ

value of 2.1 Wm−1K−1 due to effective scattering occurring
at the boundaries and interfaces, resulting in a high ZT value
of 0.36 at 1073 K [21].

In the case of heavy ion doping (such as In, Bi) as shown
in figure 4, Jood et al [24] demonstrated that doping ZnO with
In element can significantly enhance ZT. Indium doping leads
to low κ∼3 Wm−1K−1 and a high power factor
(PF∼1.230×10–3 Wm−1K−1), yielding ZT∼0.45 at
1000 K which is ∼80% higher than non-nanostructured In–
Zn–O alloys. Although Bi doping also yields a high Seebeck
coefficient of α∼500 μVK−1 at 300 K, Bi segregation, grain
growth, and defect complexing are unfavorable to increase
ZT [24].

Recently, Anju et al [34] reported that a ZT of 0.11 at
923 K was achieved for the 0.1 at % of rare earth Dyspro-
sium-substituted ZnO. The enhancements in the TE properties
were mainly through the increase in the carrier concentration
and the energy filtering of the carriers at the potential barrier
formed in the lattice by Dy doping, which has a large atomic
size and localized magnetic moment due to the presence of
unpaired electrons [34].

In the case of ZnO based thin films, as shown in figure 5,
Park et al [22] confirmed that the thermal conductivity of ZnO
films depends on Al doping. Reduction of thermal con-
ductivity with Al doping could reflect the combined effects of
enhanced phonon scattering from grains and Al impurities,
and the increasing porosity of the films with increased Al
doping [22].

Besides the effects of metal dopant, non-metal elements
also affect the thermoelectric performance. Liu et al [23]
recently reported the effect of oxygen defects on the ther-
moelectric properties of Al-doped ZnO films (Zn0.94Al0.06Ox).
The Zn0.94Al0.06Ox films were deposited at various oxygen
pressures (0.1 MPa and 0.12MPa). The conductivity and
Seebeck coefficient were reported to be improved simulta-
neously with increased oxygen pressure. As shown in
figures 6 and 7, the O2−0.12MPa film with the flat particles
reduced the electron scattering, resulting in increased con-
ductivity. In addition, the Seebeck coefficient was increased
due to the decrease in oxygen vacancies in the sample
deposited at higher oxygen pressure. As a result, increasing
content of singly-ionized oxygen leads to the higher power
factor PF observed from the O2−0.12MPa film [23].

Similar to Liu’s publication [23], Zhou et al [36] also
reported the correlation between the surface morphologies
and the thermoelectric performance of Zn0.94Al0.06Ox films
(GZO) thin films in which the modification of the surface
morphology and roughness of GZO films were tuned through
the deposition temperature Td (573 K–873 K) during the
growth of GZO thin films on Al2O3 (AO) single-crystal
substrates. The GZO film deposited at 673 K (GZO-673-AO)
exhibited the good electrical conductivity due to high carrier
mobility due to good crystallinity and high carrier con-
centration through the Ga doping on the Zn sites. In addition,
the Seebeck coefficient value of the GZO-673-AO film
increases with an increase of carrier concentration and the
enlarged effective mass due to the enhancements of the

Figure 3. Temperature dependence of figure-of-merit, ZT, of the
samples. [Reprinted with permission from [20]. Copyright 2014
Royal Society of Chemistry].
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density of states. Consequently, the GZO-673-AO film has
the highest power factor value of 256 μWm−1K−2, as shown
in figure 8 [36].

4. Dual dopant doped ZnO based bulks and
thin films

In general, the thermoelectric performance can be enhanced
by a single doping. However, the solubility limit of the dopant
in single doping limits the improvement of ZT. Therefore,
efforts in dual doping to improve the thermoelectric properties
of ZnO materials have been conducted such as Al-Mg [37],
Al–Ga [13], Al–Ti [38, 39], Al–Ni [38], Sb–Sn [40], Al–In
and Ga–In [41–47].

Yamaguchi et al reported that the thermal conductivity κ

values of their AZO: Ni and AZO: Sm ceramic samples were
9.2 Wm−1K−1 and 17.2 Wm−1K−1 at room temperature,

respectively. Therefore, the AZO: Ni samples have higher ZT
value of 0.126 at 1073 K [38].

Park et al reported that the co-doping of Al and Ti into
ZnO ceramic samples (Zn0.97Al0.02 Ti0.01O) has a PF of
3.8×10–4 Wm−1K−2 at 1073 K [39]. By using different
dopants (Sb and Sn), Park continued to report that the
Zn0.985Sb0.005Sn0.01O samples showed the higher PF value of
1.15×10–3 Wm−1K−2 at the same measuring temperature
1073 K [40]. However, those values are lower than the PF
value of 1.4×10–3 Wm−1K−1 at 1273 K obtained from a
single 2 at % Al-doped ZnO bulk [12, 17].

Toshiyuki Mori et al [41] suggested the reduction of
thermal conductivity in Ga and In dually doped ZnO bulk due
to the formation of three-dimensional stacking faults, as
shown in figure 9. It was found that the (Ga0.004,
In0.004)Zn0.992O bulk with dense three-dimensional stacking
faults revealed the PF value of 7.2×10–4 Wm−1K−2 and a

Figure 4. Heavy element doping for enhancing thermoelectric properties of nanostructured zinc oxide [Reprinted with permission from [24].
Copyright 2013 Royal Society of Chemistry].

5

Adv. Nat. Sci.: Nanosci. Nanotechnol. 10 (2019) 023001 Review



thermal conductivity κ of 2.6 Wm−1K−1 resulting in ZT of
0.19 at 773 K [41].

Li et al [42] reported the influence of spark plasma sin-
tering using different sintering temperatures on the micro-
structure and thermoelectric properties of Al, Ga dual-doped
ZnO bulk. The ZT values of the Zn0.96Al0.02Ga0.02O bulk
samples were 0.09–0.14 at the temperature range of
1073–1273 K [42].

Ohtaki et al [13] reported the highest PF of above
1×10–3 Wm−1K−2, the thermal conductivity κ of below 5
Wm−1K−1 and the ZT value of 0.65 at 1273 K obtained from
the dual doping of ZnO ceramic samples with Al and Ga
(ZnAl0.02Ga0.02O), as shown in figure 10. The remarkable ZT
value is explained through the presence of granular texture in
the ZnAl0.02Ga0.02O nanocomposite structure, which results
in reducing the thermal conductivity while maintaining high
electrical conductivity [13]. Chen et al [48] proposed a
reduced graphene oxide (rGO) as a new dopant added to Al
doped ZnO (AZO), in which the rGO inclusions are induced
in the AZO matrix, leading to multiple interfaces between
AZO and rGO. Results presented in figures 11 and 12show
that the lattice thermal conductivity is remarkably reduced
through the phonon-boundary scattering. The extra electrons
are induced in the Zn1−xAlxO/rGO composites because of the
capture of Zn2+ ions at the rGO sites, thus increasing electron
density. The nanocomposites with rGO content of 1.5 wt%
reached the ZT value of 0.28 at 900 °C, which is 8 times
larger than that of undoped ZnO and 60% larger than the ZT
of alloyed AZO [48].

Besides the dual-doped ZnO based bulk materials, ther-
moelectric properties of dual-doped ZnO based thin films
have also been reported [43–47].

For instance, Zheng et al [43] reported thermoelectric
properties of the In-doped AZO thin films and un-doped AZO
thin films. The un-doped AZO thin film shows a relatively
stronger texture and larger grain size, which suggests high
electrical conductivity. However, it has a very low Seebeck

coefficient that causes poor thermoelectric properties. Based
on Indium doping, the value of the Seebeck coefficient of In-
doped thin films increases stably with increasing In content,
the PF value of 2.22×10–4 Wm−1K−2 at room temperature
is reported for 0.71 wt% In-doped AZO thin films, several
times higher than that of the un-doped thin film. However, the
thermal conductivity κ and ZT value of the In-doped AZO
thin films were not reported [43].

On the other hand, Seo et al [45] reported thermoelectric
properties of the InGaO3(ZnO)m superlattice deposited on a
sapphire substrate as shown in figures 13 and 14. It is noted
that the deposited single crystal IGZO thin films have poor
crystallinity due to the large lattice mismatch between the
IGZO thin film and sapphire substrate, leading to poor ther-
moelectric properties. To overcome these disadvantages, they
used the ZnO as a buffer layer in order to reduce the lattice
mismatch with the substrate in the InGaO3(ZnO)m superlattice
structure, followed by plasma treatment. Consequently, the
PF values were 6×10–7, 7×10–6 and 8×10–5 Wm−1K−2

at 375 K for the as-grown, thermally annealed, and plasma
treated superlattice samples, respectively. The thermal con-
ductivities κ were 7.53, 1.00 and 1.46 Wm−1K−1 at room
temperature for the as-grown, thermally annealed, and plasma
treated superlattice samples, respectively [45].

Nguyen et al [46] reported thermoelectric properties of
Ga and In dually doped ZnO thin films annealed at various
temperatures. The thin films annealed at 500 °C, GZO@500
and IGZO@500 thin films, showed the PF values of
4.39×10–4 Wm−1K−2 and 3.09×10–4 Wm−1K−2, the
thermal conductivity κ values of 2.2 Wm−1K−1 and 0.95
Wm−1K−1 and ZT values of 0.114 and 0.186, respectively.
The better thermoelectric performance of the IGZO@500 thin
films is explained through the Photoluminescence spectral,
especially in the range of 432–510 nm: the additional zinc
interstitials as point defects in the GZO@500 thin films not
only enhanced the PF but also improved the thermal con-
ductivity κ, resulting in lower ZT than the IGZO@500 thin
film, as shown in figure 15 [46, 47].

Li et al [49] presented a joint improvement in the ZnO:
Al films by tuning the diffusion of the Au layer via substrate
temperature, as shown in figure 16. Due to the impact of the
diffusion of the Au layer on electronic interactions, the RT-
ZnO: AuAl films show the PF value of 3.58×10−5

Wm−1K−2, which is two orders of magnitude larger than that
of the RT-ZnO: Au film at the same measuring temper-
ature [49].

5. ZnO nanowires

In general, the charge transport and carrier mobility of
nanowires depend strongly on their surfaces which are related
to their defect densities. In addition, the surface of nanowires
plays an important role in phonon scattering [50].

The challenge is how to control properly the nanowire
surface characteristics to obtain the best thermoelectric
properties because the increase of surface roughness could
decrease the thermal conductivity and electron transport

Figure 5. The thermal conductivities of ZnO thin films as a function
of the (a) Al-doping, (b) porosity, and (c) grain size of the films. The
measurement was performed at 300 K. [Reprinted with permission
from [22]. Copyright 2015 Elsevier].
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simultaneously. However, the advantage of nanowires is
quantum effects. The quantum confinement in low dimen-
sional structures results in the increase of electronic densities
of states of carriers due to the confinement. This leads to the
increase of the Seebeck coefficient according to the Mott’s
relationship without lowering the electrical conductivity [51].

Therefore, apart from thin film and bulk materials, the
ZnO nanowires are an interest of research for TE application.
For example, the ZnO nanowires synthesized by thermal
evaporation, possess a ZT of 0.1 at 970 K, which is much
higher than that of pure ZnO bulk material, as shown in
figure 17 [52].

The Ga-doped ZnO nanowires could achieve the max-
imum peak ZT at room temperature, which is 2.5 times higher
than that of pure ZnO nanowires [53]. On the other hand, the

Al and Ga co-doped ZnO nanowires could reduce the thermal
conductivity to 25% over the bulk ZnO and increase the
power factor due to the resonant scattering of hybridization of
Al and Ga valence bands. As shown in figure 18, the ZT
reaches 0.6 at 1273 K [54]. The experimental and theoretical
studies show that the Al, Sb, Ga doped ZnO nanowires could
achieve the higher TE performance, as shown in
figure 19 [55].

For the In dopant, the theoretical calculation using the
density functional theory (DFT) from QUANTUM
ESPRESSO suite of codes shows that the In-doped ZnO
nanowires provide the good electrical conductivity and lower
the thermal conductivity along the wire due to the surface
scattering effects [56].

Figure 6. AFM images and XRD patterns of the Zn0.94Al0.06Ox films formed at different oxygen pressures. (a), (b) and (c) are the AFM
results of the O2−0.021 MPa, O2−0.1 MPa, and O2−0.12 MPa films, respectively; (d) XRD patterns of the Zn0.94Al0.06Ox films compared
with ZnO and Zn; (e) surface roughness and particle size. [Reprinted with permission from [23]. Copyright 2019 Elsevier].

Figure 7. (a) Resistivity, (b) Seebeck coefficient and (c) Power factor of the Zn0.94Al0.06Ox films formed at different oxygen pressures.
[Reprinted with permission from [23]. Copyright 2019 Elsevier].
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Apart from conventional doping approaches, ZnO
nanowires have been studied for TE application via other
ways. For example, Ishibe et al [57, 58] proposed the dopant
controlled epitaxial interface method in which two crystal
structures are coherently connected to avoid the lattice dis-
tortions or misfit dislocation to improve the power factor of
materials. The ZnO NWs were grown on the ZnO buffer
substrates using the PVD method and obtained the high
power factor of 7 μWcm−1K−2 ZnO film. By introducing
ZnO nanowires into ZnO film, the PF has been increased 3
times in comparison with that of pristine ZnO film while the
thermal conductivity was reduced by increasing the phonon
scattering at the nanowire interfaces, as shown in
figure 20 [57, 58].

6. Summary

The potential of ZnO based materials for waste heat recovery
at high temperature has been proven over the last few dec-
ades. ZnO as a high-temperature thermoelectric material
suffers from high lattice thermal conductivity and poor elec-
trical conductivity. The doping dopants lead to the introduc-
tion of point defects or nanoprecipitation or stacking/faults in
the host structures, which, in turn, influence the thermo-
electric performance. The presence of defects could result in
either improvement or worsening of the thermoelectric
properties. The dopants with heavier atomic masses compared
to the Zn atom are preferred due to contributions to the
decrease of lattice thermal conductivity by introducing more
mass fluctuations. In addition, the smaller ionic radius of the
dopant also induces smaller distortion of the host crystal
structure. Among dopant elements, Al dopant seems to be
effective dopant resulting in better thermoelectric properties.

It is important to note that the dual-doping approach is
very promising because it can effectively reduce the thermal
conductivity and simultaneously enhance the electrical con-
ductivity. The drastic improvement of ZT of Al-Ga dually
doped ZnO bulk or Ga-In dually doped ZnO thin films shows
strong evidence of this approach.

Apart from doping to improve the thermoelectric prop-
erties, nanostructuring of ZnO and ZnO nanowires have
shown great interest. The nano-constituents embedded in a
matrix material or a mixture of different nano-constituents can
result in the reduction of lattice thermal conductivity due to
the strong phonon-interface scattering. On the other hands, it
enhances the electronic performance due to the modification
of electron scattering and band structures. The Seebeck
coefficient and power factor could also be increased through
the low-energy carrier filtering of nanostructured materials.
The combination of low thermal conductivity due to doping
and the high-power factor due to nanostructuring could
improve the thermoelectric performance.

In addition, the low-dimensional structure such as
nanowire structure is promising for improving the thermo-
electric properties of materials because of their strong
quantum confinement effect, which results in the increase of
electronic densities of states of carriers due to the confine-
ment. This leads to the increase of the Seebeck coefficient
according to the Mott’s relationship without lowering the
electrical conductivity.
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Figure 9. (a) TEM bright field image taken from (Ga0.008,
In0.008)Zn0.984O sintered sample, and SAEDP recorded from the
aforementioned sample. White arrows indicate the diffuse strike in
the background of SAEDP. (b) TEM dark field image taken from
(Ga0.008, In0.008)Zn0.984O sintered sample. B.SF: basal-plane stack-
ing fault, P.SF.: pyramidal-plane stacking fault. [Reprinted with
permission from [41]. Copyright 2014 Royal Society of Chemistry].

Figure 10. Temperature dependence of the dimensionless figure-of-
merit of Zn1−x−yAlxGayO (0.02<x<0.04, 0<y<0.05) cera-
mics. [Reprinted with permission from [13]. Copyright 2009
Springer Nature].

Figure 11. Schematic illustration of possible mechanisms of forming
the Zn0.98Al0.02O/rGO composites as an example. [Reprinted with
permission from [48]. Copyright 2015 American Chemical Society].
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Figure 12. Temperature dependence of TE properties of AZO and AZO/rGO composites in the range of 25 °C–900 °C. (a) Electrical
conductivity; (b) Seebeck coefficient; (c) lattice thermal conductivity, (inset) total thermal conductivity (κ); and (d) ZT. In graphs (a) and (b),
the points are experimental data, and the fitted lines are the corresponding simulated results. In graphs (c) and (d), the lines are plotted as a
guide for the eye. [Reprinted with permission from [48]. Copyright 2015 American Chemical Society].

Figure 13. Schematic models showing the reduction of lattice mismatch on the in-plane of the substrates by introducing the ZnO buffer layer:
(a) InGaZnO/ sapphire substrate and (b) InGaZnO/ZnO/sapphire substrate. [Reprinted with permission from [45]. Copyright 2011
Elsevier].
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Figure 14. Plots of thermoelectric properties as a function of measured temperature for the as-deposited (black square), thermally annealed in
900 °C for 9 h (red circle), and thermally annealed and Ar plasma treated (blue triangle) SAM2. (a) Electrical resistivity, (b) Seebeck
coefficient, and (c) thermoelectric power factor. (d) The plot of temperature rise per input power (inset table: calculated thermal
conductivities). [Reprinted with permission from [45]. Copyright 2011 Elsevier].

Figure 15. Effect of annealing temperature on thermoelectric properties of Ga and In dually doped ZnO thin films [Reprinted with permission
from [47]. Copyright 2018 Elsevier].
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Figure 16. Joint improvement of conductivity and Seebeck coefficient in the ZnO:Al thermoelectric films by tuning the diffusion of Au layer
[Reprinted with permission from [49]. Copyright 2018 Elsevier].

Figure 17. The Seebeck coefficient and ZT value of ZnO NW as a
function of temperature [Reprinted with permission from [52].
Copyright 2011 WILEY-VCH Verlag GmbH & Co.KGaA,
Weinheim].
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