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Iny03(Zn0), superlattice ceramics are promising oxide thermoelectric mate-
rials, as superlattice interfaces are effective in scattering phonons and filter-
ing low-energy electrons to decrease thermal conductivity and improve the
figure of merit (ZT') value. In this work, homologous compounds were prepared
by solid-state reaction method using ZnO and Iny,O3 as raw materials. Phase
purity and crystal structure were characterized by x-ray diffraction, revealing
that In,O3(Zn0), crystallizes in an R3 m space group for odd % values and P63/
mmc for even k values. The study of thermoelectric (TE) properties showed
that as k increased, the thickness of InO(ZnO)3 also increased, while the
electrical conductivity, thermal conductivity, Seebeck coefficient, power factor
and ZT value were all decreased. InyO3(Zn0O); samples obtained a maximum
power factor of 651 yW m ! K2 at 973 K, and also achieved a maximum ZT

value of 0.24 at 973 K.
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INTRODUCTION

Energy is an important foundation for economic
development. Since the second industrial revolu-
tion, the world has been keeping up with an ever-
increased demand of electricity, with an ever-in-
creasing consumption of fossil fuels. However, fossil
fuels are not renewable, Fortunately, thermal
energy is considered renewable, because it is ubiq-
uitous and inevitable. Most energy in our daily life
is generated by thermal processes, whereas the
energy we waste is primarily and ultimately in the
form of heat.”” Thermoelectric (TE) technology is
one of the most important methods that can be
applied to realize high-efficiency heat-to-electricity
energy conversion. It is thus especially important to
develop thermoelectric materials which can be
applied at high temperatures for power generation
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applications.® TE materials have been intensively
studied during the last few decades. However, the
energy conversion efficiency is relatively low, which
limits the application of TE devices as promising
alternative energy sources.* The efficiency of TE
materials is determined by the dimensionless fig-
ure of merit (ZT), defined as:

ZT = (e®c/K)T (1)

where ¢ and x are the electrical and thermal
conductivity, respectively, « is the Seebeck coeffi-
cient, and T is the absolute temperature. Among
various TE materials, inorganic semiconductors,
particularly those with a narrow bandgap like Si-
based materials,®® intermetallics,” chalcogenides,®
half-Heusler alloys,”'® and Zintl compounds,*! are
the most investigated objects. However, these mate-
rials exhibit disadvantages, such as rigorous prepa-
ration conditions, which need to be carried out
under certain gas protection. Besides, the applica-
tion temperature of the abovementioned materials
is relatively low, and they contain heavy metals,
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which can have associated toxicities. Oxide TE
materials possess the following unique advantages:
no oxidation problems, stable high-temperature
performance; no toxic chemical elements, no human
toxicities and environment friendly; simple prepa-
ration process; little or no rare metal elements, and
are economically feasible. Therefore, oxide TE
materials can be applied as high-temperature TE
power generators based on their unique
advantages.?

In,03(Zn0),, (k is an integer) ceramics are one of
the most investigated high-temperature TE mate-
rials because of their natural superlattice struc-
ture, consisting of InO, layers interleaved with
(InZnk)Oji, 1 layers along the ¢ axis. These homol-
ogous compounds belong to the space group R3 m
for odd % values and P65;/mmec for even k values
(Fig. 1).® Natural superlattices, which are the
thermodynamically favored phases, possess high-
temperature coarsening-resistant and
stable nanoscale interfaces. InyO03(Zn0O),-based
superlattice compounds, which consist of InyO3
and ZnO, are some of the best transparent con-
ducting and electronic materials, and have
attracted considerable research interest.'®'® It
has been reported that phonons are effectively
scattered by an InyO3(Zn0), natural superlattice

(@ (b) (c) (@)

Fig. 1. Crystal structure of In,03(Zn0O), (k=3, 4, 5, 7); (a)
In203(Zn0)s; (b) IN203(ZNn0)4; (c) IN203(ZN0O)s; (d) IN.03(ZN0O)5.

interface, as it contains a single atomic InO, layer.
The strong phonon scattering source results in low
thermal conductivity and a high ZT value for
Iny03(Zn0),. The layered nature is thought to
impart a low thermal conductivity to the structure,
as this behavior has been observed in high-ZT p-
type Na-based and Ca-based cobalt oxide sys-
tems.'® Anisotropic superlattice structures can
improve ZT values by taking advantage of sharp
electron density of states function, due to the
quantum confinement effect for Seebeck coefficient
and frequent interface scattering of the phonons for
thermal transport.?°~24

To date, studies on the In,03(Zn0), system have
mainly confirmed films, which can be used in solar
cells, and bulk ceramics, which can be used in TE
materials at high temperatures. In some reports,
Zn0-Iny03 films, which can be used as transparent
electrodes, have been successfully prepared by
radio-frequency (RF) magnetron sputtering. These
Zn0-Iny03 films have high thermal stability, chem-
ical stability and relatively high electrical conduc-
tivity. It has been suggested that these ceramics
can be used as TE materials at high tempera-
tures.?>*¢ K. Koumoto reported on the TE proper-
ties of ZnO and In,O3; mixtures synthesized b2¥
reaction sintering at 1823 K under air for 2 h.
Since then, many researchers have improved the
ZT value of Iny03(Zn0), by introducing dopant
atoms and changing chemical components (such as
the concentration of indium). Additionally, much
effort has been devoted to studying the crystal
structure of InyO3(Zn0),. Kazeoka et al. tried to
improve the TE properties of In,O3(Zn0O)s by
partially substituting yttrium for indium, as the
maximum Z value was 1.1-1.3 x 10°* K (960—
1100 K), which was obtained when Y content was
3%.%% Al-doped Iny05(Zn0)s was prepared using a
classic ceramic procedure by S. Bernik, and the ZT
values are very close to that of undoped
In,03(Zn0)s (ZT = 0.01). At the optimal doping
amount of Al of 0.05, the ZT value will decrease
with an increase in Al content (i.e., when it is
higher than 0.05).?° It is widely accepted that
In,035(Zn0);, natural superlattice structure can be
formed under certain thermal conditions, which
was first reported by Cannard and Tilley.?® The
results showed that the structures of (Zn0),,,In,05
(m = 4-5, 9, and 11) consist of metal/oxygen layers
perpendicular to the c-axis of a hexagonal crystal
system.?° The space group of Iny,O5(ZnO),, was
R3 m when m was odd, and it was P6s/mmc when
m was even. Weissenberg photographs are taken of
all In,03(Zn0),, (m = 3, 4 and 5) single crystals to
determine their lattice constants and possible
space groups.’! Masuda has studied the structures
of (Zn0)5In,03 and (Zn0O)5(Ing gY(.2)203 using an x-
ray diffraction (XRD) Rietveld refinement tech-
nique on the basis of the space group R3 m.?? It was
found that the basic structure consists of InO, and
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(InZn;s)O%* layers alternately stacked in alternat-
ing layers along the c-axis.

In general, there is a tendency to introduce
impurities to improve TE performance and to
explore their structural composition unilaterally,
but little research has been conducted on the
relationship between crystal structure and perfor-
mance of the In,03(Zn0), system. Therefore, in this
work, we synthesized In,03(Zn0O), (k =3, 4, 5, 7)
ceramics using solid-state reaction and performed a
series of measurements, including XRD, scanning
electron microscopy (SEM), transmission electron
microscopy (TEM), Seebeck coefficient (o), thermal
conductivity (k) and Raman spectroscopy, to char-
acterize the prepared In,O3(Zn0), samples.

EXPERIMENTAL SECTION

Homologous compounds of Iny,O3(Zn0), (k = 3, 4,
5, 7) were synthesized by conventional solid-state
reaction using starting powders ZnO (Aladdin,
99.99%) and InyO3 (Aladdin, 99.99%). Materials
with a stoichiometric ratio were subsequently ball-
milled (5 h, 300 r/min) with anhydrous ethanol. The
solution was then transferred to a conical flask and
was kept at 70°C for 12 h in an oven under air to
dry. The resulting powders were ground and sieved
through 300 meshes to obtain well-distributed pow-
ers, which were later pressed into compact discs of
15 mm in diameter under a pressure of 3 MPa for
2 min. The discs were transferred into an alumina
crucible and sintered at 1474-1623 K for 2 h.

Phase purity and crystal structure were charac-
terized by XRD (Cu-Kuo Bruker D8, Germany) and
the bulk density of the pellets was determined by
Archimedes method. The samples were coated with
a thin layer of gold for microstructure observations,
which were performed on a scanning electron
microscope (ZEISS, EVO 18-21-57). A transmission
electron microscope (FEI Tecnai G2 F20, 200 kV,
USA) was used to examine the microstructures of
the as-prepared samples. Raman spectra of the
superlattice were collected using a LabRAM Aramis
Raman system (Horiba Jobin Yvon, Edison, NdJ,
USA). The bandgap of In,O3(Zn0), (& = 3, 4, 5 and
7) superlattice was calculated using the Kubelka—
Munk formula based on the test results of an
ultraviolet—visible—near-infrared (UV-VIS-NIR)
spectrophotometer (SHIMADZU-UV-3600Plus).
The electrical conductivity and Seebeck coefficient
were measured using a commercial ZEM-3 device
(Ulvac-Riko, Japan) in a partial atmosphere of
helium. The thermal conductivity was calculated
according to the expression, x = DCpp where D, C,
and p are thermal diffusivity coefficient, specific
heat capacity and density, respectively. The thermal
diffusivity coefficient (D) was measured by laser
flash diffusivity method in a NETZSCH LFA 457
system.
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RESULTS AND DISCUSSION
Phase Purity and Crystal Structure

The phase purity and crystal structure of the
superlattice ceramics were investigated by x-ray
diffraction (XRD). Figure 2 shows that XRD pat-
terns of the as-prepared samples of InyO3(Zn0O)s,
In,05(Zn0)y4, Iny03(Zn0)s and InyO3(Zn0); are con-
sistent with standard PDF cards PDF#20-1439,
PDF#20-1438, PDF#20-1440 and PDF#20-1441,
respectively. For the Iny03(Zn0O), sample, XRD
patterns can be indexed using a hexagonal symme-
try, while for InyO3(Zn0);, Iny03(Zn0O)s; and
In,O3(Zn0),, a rhombohedral symmetry was needed
to include all the diffraction peaks. This work
proves that Iny,O3(Zn0O);, compounds crystallize in
space group R3 m for odd % values and P6s/mmc for
even k values.'® The lattice parameters of rhombo-
hedral symmetry can be determined using the
following equation:

a(R) = % \/3a(H)? + c(H)? (2)

where a(H) and c¢(H) are the lattice constants for the
hexagonal phase structure. These lattice constants

can be calculated using the following
relationship®®34:
1 4 (h®+hk+E? 12
J2 3 2 + 2 (3)
d* 3\ a(H) c(H)

All the lattice constants are listed in Table I, and
all of these values also show good consistency with
the reported data.'®

Figure 3 shows the SEM photograph of In,O3(Z-
n0), (k = 3, 4, 5, 7) ceramic bulks after sintering at
1473-1623 K. In all cases, the grain size of each
sample was several microns due to repeated calci-
nation of raw materials at elevated temperature. In
other words, all of their particles have sharp edge
features, and their layered structure can be envi-
sioned according to their surface terraces as repre-
sented by yellow arrows in the SEM images.

Microstructures of homologous compounds were
further analyzed using TEM. Figure 3e shows the
TEM image of a representative region for the
surface of InyO3(Zn0); ceramics. It can be seen
from the figure that there are obvious contrasting
bright and dark alternating periodic stripes on the
sample surface, which proves the existence of
superlattice structure in this series of ceramics.
Figure 3f shows the selected area electron diffrac-
tion (SAED), in which the band axis is 2110,
indicating that In,O3(Zn0), has a single-crystal
hexagonal wurtzite structure and its growth direc-
tion is 0001. The satellite spot between the two main
spots in the pattern is clearly visible, which is a
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Fig. 2. X-ray diffraction patterns of In,O3(ZnO) (k = 3, 4, 5, 7) ceramics.

Table I. Space group (SG), lattice parameters (a, b, c/A), unit cell volume (V/A3), bandgap (BG/eV)
experimental density (ED/gem™3), theoretical density (TD/gecm™3) and relative density (RD/%) of

In;,03(Zn0);, (k = 3, 4, 5 and 7) ceramics

Sample SG a=b c \’4 BG ED TD RD
In,03(Zn0); R3 m 3.355 42.52 414.49 2.3288 5.939 6.28 94.57
Iny03(Zn0), P63/mmc 3.3361 33.544 323.33 2.3317 5.767 6.20 93.02
In;05(Zn0)5 R3 m 3.3330 58.275 560.65 2.3366 5.579 6.11 91.31
Iny03(Zn0); R3 m 3.33107 73.730 699.88 2.3396 5.442 6.04 90.09
d =6.349 + 2.602% (4)

typical feature of modulation structure. Figure 3g
shows the high-resolution TEM (HRTEM) image
with bright layers of In—O (marked by yellow lines),
dark layers of In/Zn-O and In/Zn-O stacks (indi-
cated by the yellow double arrows) sandwiched
between adjacent In—O layers. In®>* ions in the In—O
layer occupy the edge’s shared octahedral sites,
while the rest of In®* and Zn?* in the In/Zn—0O blocks
randomly occupy tetrahedral and trigonal/bipyra-
midal sites. For the homologous compounds of
Iny05(Zn0O), (k = integer), when the distance
between two adjacent In—O layers is d (A), there is
a linear relationship between d and 23':

According to the HRTEM image, the distance d is
1.416 nm, and %k = 3 is obtained by substituting the
above equation, thereby demonstrating that
Iny03(Zn0),, ceramics crystallize in a superlattice
structure.

Raman spectroscopy is an important means of
analyzing the crystal structure of a substance, as
Raman spectroscopy is more sensitive in character-
izing the change of crystal structure and chemical
bonds than XRD. The information of molecular
vibrations in a sample can be obtained by Raman
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Fig. 3. SEM images of In,03(Zn0)3 (a), In203(Zn0), (b), IN,03(Zn0O)s (c), IN,03(ZN0); (d); low-resolution TEM image of In,O3(Zn0O); ceramic
sample (e); elected-area electron diffraction (SAED) pattern of the region of In,O3(Zn0O); ceramic (f); high-resolution TEM (HRTEM) image of

In,03(Zn0)5 ceramic (g).

spectroscopy. Figure 4a shows the Raman spectra of
In,05(Zn0O), (& = 3, 4, 5, 7) ceramic bulk materials
after sintering at 1473-1623 K. The pure Raman
spectra of ZnO and In,O3; are shown as a compar-
ison. From Fig. 4a, it can be seen that the Raman
spectra of different samples indicate obvious vibra-
tion patterns in the 100-700-cm ! range. The red
line corresponds to pure ZnO Raman spectra. It is
the first-order Eg;,;, scattering mode of ZnO at
436 cm ™! and the second-order phonon scattering
mode at 331 cm !, which are characteristic Raman
peaks for ZnO. The InyO3 spectra (yellow line
spectrum) shows the expected vibrational modes at
109 cm !, 135 em ', 307 cm ™, 366 cm ™!, 495 cm
517 cm ! and 630 cm !, which in turn clearly
demonstrated the Iny,Os; square ferromanganese
cubic structure. In contrast to pure ZnO and
Iny,03, Ins03(Zn0O), (R = 3, 4, 5, 7) Raman spectra
become flat at about 100 cm™~* to about 700 cm ™! as
the & value decreases. The almost invariant density
of phonon states was given, and its “glassy” or
quasi-continuous density was demonstrated.
In,03(Zn0), ceramics were characterized by reso-
nant and non-resonant Raman spectra as well as
low-frequency Raman spectra. The vibrational prop-
erties of InyO3(Zn0);, exhibited several features of
the superlattice structure. It is known that the
existence of the superlattice structure of

In,03(Zn0);,, was clarified by TEM and XRD results.
The superlattice in the Raman spectra periodically
depends on the folding and acoustic phonon activa-
tion in the Brillouin zone. The bandgap reduction
was caused by hybridization of multiple quantum
wells and the selective resonance of Frohlich inter-
actions in (ZnO); layers. The vibrational spectra at
520 cm ! and 620 cm ! represented new Raman
scattering modes. The 620-cm ' Raman peak was
due to the stretching of the In—O bond. As the &
value increased, the Raman peak around 620 cm !
shifted from 624 cm ™! to 613 cm ™!, and a blue shift
occured. Due to the smaller the %k value, the
thickness of In/Zn-O block in the sample decreased
and the bandgap increased.

The bandgap of In,O3(Zn0O), (k =3, 4, 5 and 7)
superlattice was calculated using the Kubelka—
Munk formula based on the results of UV-VIS-
NIR spectrophotometer®’:

F(R)=(1-R) /2R (5)

where R is the reflectance. It can be seen from Fig. 4
that the bandgap values of In,O3(Zn0O), (k = 3, 4, 5
and 7) were relatively close, being 2.328 eV (k = 3),
2.331eV (k=4), 2.336eV (k=5) and 2.339 eV
(k = 7), which were significantly lower than that of
pure ZnO (3.37 V) and InyO3 (3.60 eV). The unit
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Fig. 4. Raman spectra of Iny03(Zn0O),x (k=3, 4, 5 and 7)
superlattices, with pure ZnO and In,O3z shown as a reference (a)
and Tauc plot between Eg optical bandgap versus [hoF(R)]? of
Ino03(Zn0O) (k= 3, 4, 5 and 7) (b).

cell parameters and bandgap values of prepared
samples are shown in Table I. Obviously, compared
to pure In,O35 and ZnO, the prepared samples have
reduced bandgap values and this result is consistent
with the Raman spectral analysis results. This is
also consistent with the wide bandgap mentioned
above as a high-temperature TE material.

Thermoelectric Properties

The temperature dependence of electrical conduc-
tivity ¢ and Seebeck coefficient « for InyO3(Zn0O),
(k =3, 4,5 and 7) ceramics are presented in Fig. 5.
The electrical conductivity of homologous Iny,O3(Z-
n0O), decreased gradually with the increasing tem-
perature, indicating metallic conduction takes place
first. In addition, electrical conductivity signifi-
cantly decreases at room temperature with an

increasing k value, which was attributed to the
intrinsic properties of In,O3(Zn0),. In general, the
number of electrons contributing to the electrical
conduction, i.e. carrier concentration, was larger for
the smaller %k according to the recent litera-
tures.??3637 When conduction electrons in the
homologous compounds were injected into the In-O
layer, In®" ions were reduced and In-O distances
were elongated. Therefore, as % decreases, the
increase in In-O distance was related to the
enhancement in electrical conductivity.

The Seebeck coefficient trend of 2 was always
negative, which was entirely opposite to that of the
electrical conductivity, indicating that all the as-
prepared specimens were n-type semiconductors
and the major carriers were electrons. The Seebeck
coefficient was proportional to the scattering factor
and inversely proportional to the carrier concentra-
tion (¢ ~ y — Inn), where y is the scattering factor, n
is the carrier concentration. The value of ol was
proportional to y and n inversely. The increase of
Seebeck coefficient was mainly attributed to the
increase of scattering factor, due to the presence of
oxygen vacancies in the superlattice layered struc-
ture of Iny03(Zn0), which will cause electron
scattering. In addition, the interlaminar thickness
of In,O3(Zn0)3; was smaller, its bandgap being the
narrowest, and the electron scattering increased
with the increasing temperature.

As seen in Fig. 5¢, the power factor decreased
with an increase in k. InyO3(Zn0O); possesses the
best performance, which was higher than other
samples. The highest power factor
(651 tW m ' K~2) has been obtained for %z = 3 at
973 K.

Figure 5d shows the temperature dependence of
the thermal conductivity calculated from specific
heat capacity, thermal diffusivity and bulk density.
The thermal conductivity contributes to the lattice
(or phonon) thermal conductivity x; and electric
thermal conductivity x., as written in the expres-
sion below:

K= K;+ I (6)

Lattice thermal conductivity x; is so sensitive to
microstructure, which offers opportunities for
reducing x; and therefore enhancing TE perfor-
mance by structure engineering.>® The incorpora-
tion of Iny,Os into ZnO constitutes a layered
superlattice structure, and its interface is a single
atomic In—O layer, which strongly scatters phonons
and drastically reduces the thermal conductivity.
The thermal conductivity x for each sample gradu-
ally decreased with the increasing temperature,
proving that phonon scattering played an important
role.

As shown in Fig. 6a, the ZT values of all samples
increase with increasing temperature, while it
decreased with an increase in k. The ZT value was
obtained by coupling the three parameters of
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Fig. 5. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor and (d) thermal conductivity for

In,03(Zn0), (k = 3, 4, 5, 7) superlattice ceramics.
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conductivity, Seebeck coefficient and thermal con-
ductivity. Although the thermal conductivity of
In,03(Zn0)3 was lower than the rest, its ZT is the
highest due to its high power factor. Figure 6b
shows the figure of merit of this work compared
with other Iny03-ZnO system.?%° In this work, the
pure Iny,03(Zn0O); phase achieved a maximum ZT
value of 0.24, and the sample was prepared by solid-
state reaction at 1623 K for 2 h. As can be seen from
Fig. 6b, the same composition of In,03(Zn0); has
been reported to have a maximum ZT value of about
0.16, which is lower compared with 0.24 because the
differences in experimental process from our work.
When % =5, compared with & = 3, the electrical
conductivity decreases because the thickness of In/
Zn-0 block increases, and causes a relatively low

ZT value. In general, the experimental process and
composition have an impact on the performance of
the samples. InyO3(Zn0); in this work has a pure
phase, and high relative density make its properties
more brilliant. So this work provides strong evi-
dence for our selection of fine materials for opti-
mization and makes In,O3(Zn0O); an excellent
candidate for further research and optimization for
high-temperature TE applications.

CONCLUSIONS

In this paper, the traditional solid-state sintering
method was used to successfully prepare In,Os(Z-
n0), (k = 3, 4, 5, 7) bulk ceramic materials. Based
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on phase structure and microstructure analysis,
In,O3(Zn0), (k = 3, 4, 5, 7) ceramics were layered
superlattice structures. The superlattice structures
of all samples were formed by alternate stacking of
InO, octahedral layers and InO(ZnO)3 layers along
the c-axis. With an increase of k, the thickness of
InO(ZnO)$ gradually increased. For In,05(Zn0O),
(=3, 4, 5, 7) ceramics, the space group was
assigned as R3 m when k is an odd number (¢ = 4)
and as P6s/mme when £ is an even number (¢ = 3, 5,
7). An Iny03(Zn0); sample obtained a maximum
power factor of 651 yW m~! K2 and a maximum
ZT value of 0.24 at 973 K, which was found to be a
huge potential candidate material for high-temper-
ature TE energy conversion.
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