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Abstract

The synthesis and transport properties of n-type thermoelectric oxide (ZnQ),,In,03 (Z,,10) ceramics prepared by conventional solid-state
reaction method have been reported. It is found that the transport properties of Z,,10 ceramics are very sensitive to the post-annealing temperature
as well as the zinc content m. The resistivity of ZsIO annealed at 1400 °C decreases by more than 2 orders of magnitude in comparison with that of
Zs10 annealed at 1200 °C, while the resistivities of Z¢IO compounds annealed at 1250 and 1350 °C are more than 3 orders of magnitude larger than
that of ZglO annealed at 1300 °C. All the Z,,1O compounds annealed at 1300 °C show electron-type conduction with a lowest resistivity at m = 6. It
is suggested that the oxygen defects or vacancies in the InO, layers play a major role on the carrier scattering mechanism, and the observed
temperature-dependent resistivity for ZsIO and Z¢IO compounds can be satisfactorily described by the variable-range hopping conduction.
Furthermore, it is found that the values of Seebeck coefficient for Z,,IO are also very sensitive to the zinc content m. The dimensionless figure of

merit of 0.0045 at 300 K for m = 6 has been obtained.
© 2011 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Ceramic compounds (Zn0),,In,O3 (Z,,I0) have been
widely exploited as alternative transparent conducting oxides
[1,2] or thermoelectric materials [3,4]. It has been recently
proposed that the Z,, IO compounds with suitable dopants
exhibit superior electrical/optical properties, being a promis-
ing alternative to indium—tin oxide [5]. In addition, it has been
demonstrated that the yttrium-substituted ZsIO compounds
showed a figure-of-merit value of 0.33 at 1073 K, a relatively
high value among the n-type thermoelectric oxides [6]. A
series of Z,,10 (m = 2-5 and 7) compounds were first prepared
by Kasper and demonstrated the formation of these oxides at
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1100-1550 °C [7]. Kimizuka and co-workers have system-
atically clarified the structure of a series of InMO3(ZnO),,
(M = Fe, Ga, Al and so on) and pointed out that this class of
materials is isostructural to that of LuFeO3(ZnO),, [8]. In
addition, Ohta et al. have reported synthesis and electrical
properties of Z,,10 ceramics [9]. Further, single crystalline thin
film growth has been reported in several articles [10-12]. For
the radio-frequency-sputtered thin films of ZsIO, the lowest
resistivity of 1.3 x 107> € cm with a wide band gap of 3.12 eV
was obtained [11]. This stimulates the utilizations of Z,,I0O
compounds on transparent electrodes or photoelectric devices
[1,12]. However, most of the attainable transport properties of
conducting ceramic compounds are limited by the intrinsic
properties of the materials used, such as the crystalline
structure, doping contents, or the oxygen vacancies. It has been
shown that the annealing condition is crucial on determining
the crystalline quality, the defect diffusion, or the oxygen
vacancies of ZnO compounds [13,14]. For example, the lowest
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resistivity of 6.2 x 10~* Q cm for InZnO films was obtained
by annealing at 200 °C in a N, + 10% H, atmosphere [15]. It
has also been reported that the resistivity, carrier concentra-
tion, and Hall mobility of ZsIO films depend strongly on the
annealing temperature and ambient atmosphere [11]. In this
paper, we present the synthesis of Z,,10 ceramics prepared by
conventional solid-state reaction method. It is found that the
transport properties of Z,,1O ceramics are very sensitive to the
post-annealing temperature as well as the zinc content m.

2. Experiment

Polycrystalline samples of Z,10 (m =4-6) were synthe-
sized by a conventional solid-state reaction method using the
starting materials of ZnO and In,O; powders. Materials with
stoichiometric ratios were ground and reacted at 1150 °C for
6 h in air. The obtained powders were reground, pressed into
pellets under a pressure of 100 MPa, and heated in air again at
annealing temperatures of 1200-1400 °C for 3 h. These pellets
were placed in a sacrificial powder bed of the same composition
to diminish the Zn loss. This procedure was repeated and the
samples were finally cooled to room temperature at the rate of
5 °C/min. The X-ray powder diffraction (XRD) data were
collected from 20° to 80° with a 26 step of 0.01° using a
diffractometer (Shimazu XRD6000, Japan) with Cu K,
radiation. The scanning electron microscope (SEM, Hitachi
S-3000N) was used to characterize the surface morphologies of
samples. The atomic ratios of Zn/In were determined by an
energy dispersive spectrometer (EDS) using an EMAX system
detector attached to the SEM for the assurance of sample
compositions. The resistivity and carrier concentration were
obtained by the standard dc four-terminal method and by Hall
measurement, respectively. The bulk density of the pellets,
determined by the Archimedes method, was 74-79% of the
theoretical density and slightly increased with an increase in the
post-annealing temperature. The resistivity of a given pellet
was calculated by considering its relative density to give an
approximate correction for this variation in sample density, as
will be discussed in later section. Seebeck coefficient and
thermal conductivity measurements were simultaneously
carried out, by a direct heat pulse technique, in a helium
closed cycle refrigerator over the temperature range of 10—
400 K. Details of the thermal measurements have been reported
elsewhere [16].

3. Results and discussion

Fig. 1 shows the X-ray diffraction spectra of ZsIO prepared
with different annealing temperatures. The obtained diffraction
spectra are consistent with the expected hexagonal crystal
structure [17]. It is noted that the impurity phase of In,O5; was
detected in ZsIO with annealing temperatures 7, below
1250 °C. The same situation is also observed for the Z¢IO
samples, as shown in Fig. 2. Fig. 3 shows the 6 — 20 X-ray
diffraction spectra of Z,,10 (m = 4-6) prepared with annealing
temperature of 1300 °C. Here we adopt the pseudo-R3m
crystalline cell for all samples to conveniently make the
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Fig. 1. X-ray diffraction spectra of ZsIO prepared with different annealing
temperatures. The arrows indicate the impurity phases of In,Os.

comparisons. It is clearly seen that the In,O5; impurity phase
only appears in Z4JO with T, = 1300 °C. The appearance of
In,Oj3 indicates an In-rich state in these annealing conditions for
Z,,10 compounds. The intensity of the strongest impurity peaks
observed in these X-ray diffraction data is below 5% of the
main phase. The influence of impurity phases on the transport
properties is thought to be negligible due to the insulating
nature of In,Oj3. Fig. 4 shows the lattice parameters and the unit
cell volume V., as a function of T, for ZsIO and Z¢lO ceramic
compounds. As shown in Fig. 4, the lattice parameters a and c,
and the unit cell volume V.., increase slightly as 7, is increased
from 1200 to 1400 °C for both ZsIO and ZIO compounds. This
indicates that the annealing process does not lead to a strong
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Fig. 2. X-ray diffraction spectra of Z¢IO prepared with different annealing
temperatures. The arrows indicate the impurity phases of In,Os.
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Fig. 3. X-ray diffraction spectra of Z,,IO prepared with annealing temperature
of 1300 °C. The arrow indicates the impurity phases of In,O; in Z,410.

distortion of crystal structure. Fig. 5 shows the lattice
parameters and V.., as a function of Zn concentration m of
Z,,10 compounds. It is noted that the lattice parameters a and c,
and V,.; decrease monotonously with increasing Zn concen-
tration. The decrease of lattice parameters and V.., can be
attributed to a smaller ionic radius of Zn in these compounds.
Since the ionic radius of Zn** (0.74 ;\) is smaller than that of
In** (0.81 A) [18], the substitution of Zn ions into Z,IO0 is
expected to result in a reduction of the lattice parameters and
Vcell'
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Fig. 4. Lattice parameters and the unit cell volume V.., as a function of
annealing temperature for ZsIO and ZglO ceramic compounds.
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Fig. 5. Lattice parameters and V., as a function of Zn concentration m of Z,,10
compounds.

Fig. 6(a) and (b) show the temperature dependence of
resistivity, p, for ZsIO and ZglO ceramic compounds with
different annealing temperatures, respectively. As previously
mentioned, the resistivity of a given sample was calculated by
considering its relative density to give an approximate
correction for this variation in sample. Here the Bruggeman
symmetric equation [19], Pcorrected = (1 - 1-Sfp)pmearsured» was
used to correct for porosity. Here f), is the volume fraction of
pores and can be derived from the measured relative density.

1.00 (Zn0)5 0In04
L S
“AAAAAAAAAAAAAA
-~ (] TS
g me .,..00000:0000
Q 000000
3 0103 ...........Illl.
&
;(a)
X X
0.01 = XXXXXxXXXXXXXXx
= 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 II
100.00 A200°c @1300°C Xi400°C
* ®:250°c Wi3s50°c
10004 4 &4 )\
—_ rVYY VYV
§ wllm ®%00s000000000q
e XxSUggpuuEEEEENEgy
ST XXXXX XX XXX XXX %
(b) (Zn0)g ;03
3 e00000000000000000
L L D P L

300 400 500 600 700
T(K)

800 900 1000 1100 1200

Fig. 6. Temperature dependence of resistivity for (a) ZsIO and (b) ZsIO
ceramic compounds with different annealing temperatures. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Fig. 7. Temperature dependence of resistivity for Z,,IO ceramic compounds
annealed at 1300 °C. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

The corrected values of resistivity (Ocorrected) are thus obtained
and presented in this work. The resistivities of ZsIO compounds
show a local minimum at a temperature of around 600 K, and a
lower resistivity value for ZsIO with T, of 1400 °C, as seen in
Fig. 6(a). For Z¢lO compounds, the o(T) curves, except that
with T, of 1300 °C, show a similar behavior as those of ZsIO
compounds. It is found that the Z¢IO annealed at 1300 °C has
relatively a low resistivity, accompanying with a metallic-like
behavior in the high temperature region. The p(7) curves for
Z,,10 compounds annealed at 1300 °C are shown in Fig. 7. As
seen, the p(7T) curves, except that for m =6, show a similar
behavior as those of ZsIO compounds. Fig. 8 and Fig. 9 show
the correlation of room-temperature mobility u, carrier
concentration n, and resistivity p with T, for ZsIO and Z¢lO
compounds, respectively. As can be seen, the ZsIO compound
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Fig. 8. Room-temperature mobility p, carrier concentration n, and resistivity p
versus T, for ZsIO compounds. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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Fig. 9. Room-temperature mobility x, carrier concentration n, and resistivity p
versus T, for ZglO compounds. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

1.79 x 107> Q cm with larger values of mobility (9.2 cm?/
Vs) and carrier concentration (2.84 x 10" cm_3). On the other
hand, the electrical property for ZglO compound is optimized
with 7, of 1300°C. A room-temperature resistivity of
5.94 x 1073 Q cm, mobility u of 11.4 cm?/Vs, and carrier
concentration n of 8.5 x 10" cm™ are obtained, comparable
to those reported elsewhere [3]. As seen in Fig. 8 and Fig. 9, the
resistivity of ZsIO annealed at 1400 °C decreases by more than
two orders of magnitude in comparison with that of ZsIO
annealed at 1200 °C, while the resistivities of ZglO compounds
annealed at 1250 and 1350 °C are more than three orders of
magnitude larger than that of Z¢IO annealed at 1300 °C. These
results indicate that the electrical properties of both ZsIO and
Z10 compounds are very sensitive to the annealing conditions.
Fig. 10 shows the Zn-concentration dependences of w, n, and p
for Z,JO compounds annealed at 1300 °C. All the Z,IO
compounds show consistently an electron-type conduction with
the lowest resistivity when m = 6. The low value of resistivity
for Z¢lO is presumably due to the increased carrier concentra-
tion and mobility in these oxides. However, such a result
appears to be contrary to that observed by Moriga et al. [20],
where an increase in resistivity with the content of Zn was
reported. This discrepancy can be attributed to the different
annealing or sintering temperatures used, indicating the
annealing temperature plays an important role on the electrical
properties of Z, IO compounds. Further, SEM images for
sintered surfaces of ZsIO and Z¢IO compounds with different
annealing temperatures are shown in Fig. 11(a)—(d), respec-
tively. The SEM images reveal a spike-like microstructure for
the high-conductivity ZsIO and Z¢IO compounds annealed at
1400 and 1300 °C (see in Fig. 11(a) and (b)), whereas the SEM
images show relatively small plate-like grains with many pores
for the low-conductivity ZsIO and Z¢IO compounds annealed at
1300 and 1200 °C (see Fig. 11(c) and (d) with a larger
magnification). It is known that the electrical conductivity for a
polycrystalline material can be affected by the grain size, grain
boundary interfaces, and its intrinsic band structure. Thus, the
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Fig. 10. Room-temperature mobility p, carrier concentration n, and resistivity
p versus T, for Z,,]O compounds. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

present SEM results reveal a close connection between the
morphology and electrical properties in these oxides.

Fig. 12(a) shows temperature dependent electrical resistivity
for ZsIO and ZglO compounds annealed at 1300 °C below
500 K, and the overall behavior of these samples is
semiconducting in nature. The conduction mechanism of
polycrystalline semiconductors is generally realized by the
thermal activation process [21], grain boundary scattering [22],
or variable-range hopping (VRH) conduction [23]. The first
case can be expressed by o(T) o exp(E/kgT), where E, is the
activation energy and kg is the Boltzmann constant. It is evident

450;

1171

that such an expression cannot be applied to the data, as shown
in Fig. 12(b). The second case, which gives the dependence of
p(T) 7% exp(¢,/kpT), can be examined by the relationship of
In(T~°p) against T"'. Here ¢,, is the grain boundary potential
barrier. As shown in Fig. 12(c), the conduction mechanism of
7510 and Z¢lO compounds does not follow the grain boundary
scattering either. Hirano et al. [24] estimated the mean free
paths of carriers, which was much smaller than the grain size of
their Zs1O samples, and excluded the grain boundary scattering
as the origin of electrical transport mechanism. This is in
accordance with our data analyses presented here. The third
case predicts a temperature variation of electrical resistivity
with the form o(7) 7%3 exp[(TOIT)” 4], where T, is a
characteristic temperature related to the distribution of
localized electronic states. Fig. 12(d) shows the relationship
of In(T~%%p) against T for ZsI0 and ZlO compounds. As
can be seen, a good linearity at temperatures between 100 and
400 K confirms the variable-range hopping conduction for ZsIO
and Z¢IO compounds. A detail carrier transport mechanism of
InGaO5(ZnO)s films has been reported by Nomura et al. [25].
They also found a variable-range-hopping-like conduction
behavior of this material, indicating that these InMO5(ZnO),,,
(M =1In, Ga) compounds contains random potential barriers
formed around conduction band edge. The dominating
conduction mechanism, being the so-called hopping conduc-
tion of localized carriers between the oxygen-defect donors via
percolation paths, is expected to be correlated with the average
hopping distance of the carriers between localized states, which
is similar to that of H,-annealed ZnO films [26]. We thus
conclude that the variation of electrical resistivity in these Zs10

Intensity

- ? _.'ih‘s LI ‘

Fig. 11. SEM images for sintered surfaces of (a) ZsIO annealed at 1400 °C, (b) ZcIO annealed at 1300 °C, (c) ZsIO annealed at 1300 °C, and (d) Z¢IO annealed at
1200 °C. The inset in (c) shows the X-ray diffraction spectra near the (1 0 1 1) peaks for ZsIO annealed at 1400 and 1300 °C. The inset in (d) shows the image for Z¢IO

annealed at 1350 °C.
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and Z¢lO compounds is most likely VRH kind, originates from
the competition between the potential energy and the hopping
distance of the charge carriers. Additionally, according to the
electrical transport mechanism dominated by the oxygen-defect
donors, we can review the effects of annealing temperature on
the electrical properties of ZsIO and ZIO compounds. We infer
that the oxygen vacancies or the oxygen-defect donors will
increase with the increase in annealing temperature, resulting in
the increased conductivity and mobility for the n-type
conductive ZsIO and ZgIO compounds. However the anom-
alous behavior of decreased conductivity and mobility observed
on ZglO annealed at temperatures above 1350 °C (shown in
Fig. 9) is possibly due to the smaller grain size (<2.5 wm) as
seen in the inset of Fig. 11(d). It has been shown that an increase
in the boundary area between grains due to a decrease in the
particle size will result in a decrease in the carrier mobility for
InZnO films [15]. The crystallite size was also calculated using
Scherrer’s equation: D = 0.94 A/(B-cos6), where D is the grain
size, A is the wavelength of the X-ray radiation used, $ is the full
width at half maximum of the diffraction peak, and 6 is the
Bragg diffraction angle of the peak. As shown in the inset of
Fig. 11(c), the values of S of the most-intensity (10 1 1)
diffraction peak for Zs;IO annealed at 1400 and 1300 °C are
0.220 and 0.275°, corresponding to the D values of 39.6 and
31.6 nm, respectively. The grain sizes are estimated to be in the
range of 22.1-39.6 nm for all samples and decrease slightly
with an increase in 7,. The estimated grain sizes are much

smaller than those observed by the SEM, implying that the
grains are formed by the aggregation of smaller crystallites in
the samples. The small variation in the estimated grain size
indicates that the electrical conductivity is little affected by the
grain size. This result is consistent with the scenario that the
dominating conducting mechanism for the electrical conduc-
tivity of our polycrystalline Z,,1O is the hopping conduction as
discussed previously.

Fig. 13 shows temperature dependent Seebeck coefficient
S(T) of Z,,1O0 compounds annealed at 1300 °C between 10 and
400 K. The measured S was found to be negative in the entire
temperature range we investigated, suggesting that the
dominant carriers are electron-type in these compounds and
being consistent with the Hall measurements. The largest room
temperature value of S =—242 wV/K is observed for m =5.5
which reduces with varying the value of m. For metals or
semiconductors, the Seebeck coefficient is expected to be linear
in  temperature  through  the classical  formula
S = (7*k%/2ecr)T, assuming a one-band model with an
energy-independent relaxation time. Here, &g is the Fermi
energy. However, the measured S(7) curves for Z,10
compounds exhibit a small upward concave curvature with
increasing temperature. To account for this behavior and to
separate the linear diffusive contribution from total S(7), we
have analyzed the S(7) data with an empirical power law,
S(T)= AT + BT®. The first term represents the electronic
diffusive contribution whereas the second term sets an upper
bound to the contribution from electron—phonon normal
processes [27]. The linear portion of S/T vs. T> plots shown
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Fig. 13. The temperature-dependent Seebeck coefficient curves for Z,,10
compounds annealed at 1300 °C over the temperature range 10 K < 7' < 400.
400. Inset: a linear relation in the S/7 vs. T° plot indicates that the S(T) data
roughly follow an empirical power law S(T) = AT + BT°. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of the article.)
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in the inset of Fig. 13 exhibits the temperature range over which
the proposed formula 1is valid. From the relation
A = %k} /2ecr, we extracted the Fermi energy ¢ =0.04 eV
form =4 and 0.14 eV for m = 6. Such a result is connected to an
enhancement of the metallic behavior in the Z,,]1O compounds
as increasing the m value, being consistent with the p(7) data.

Fig. 14 shows temperature dependent thermal conductivity
k(T) of Z,,10 compounds annealed at 1300 °C between 10 and
400 K. It should be noted here that the values of «(7) shown in
the figure are corrected by considering the bulk density of each
sample. The obtained room temperature value of
k(300 K) ~ 5 W/m-K, relatively little affected with respect
to the changes in the composition, is close to the reported
results [9]. Generally, the total thermal conductivity for
ordinary metals and semiconductors is a sum of electronic
and lattice terms. The electronic thermal conductivity «. can be
evaluated using the Wiedemann—Franz law «,o/T = L. Here p is
the dc-electric resistivity and the Lorentz number
L=245x10"*W QK2 We thus obtained the electronic
thermal conductivity «, for the most conducting sample Z¢IO
(at T=300K; the electrical resistivity 03090 ~ 6 m{) cm) as
0.03 W/m-K. From this estimation, one can safely argue that
the total thermal conductivity is mainly due to the lattice
phonons rather than the charge carriers, due to the high electric
resistivity of these oxides.

It is noted that the measured value of « is quite small and
comparable to those of glassy materials [28]. For typical non-
crystalline materials (bad metals), the magnitude of (300 K)
lies in the range of 0.5-6.5 W/m-K. For a crystalline solid, such
a low value of thermal conductivity can be thought to originate
from random, noncentral distortions of the lattice, resulting in
high degree of disorder. In the present case of the Z,IO
compounds, the low thermal conductivity can be associated
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Fig. 14. The temperature-dependent thermal conductivity for Z,,10 compounds
annealed at 1300 °C. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

with oxygen defects or vacancies in the InO, layers. At low
temperatures, k(7) is followed by a well defined peak around
40 K in all samples. This feature is a typical behavior of solids
and the maximum takes place at the temperature where the
phonon mean free path is approximately equal to the crystal site
distance, ascribed to the generalized Umklapp process. It
should be mentioned here that the ZsIO sample has the most
pronounced peak among all samples, indicating a more ordered
crystal structure for this particular compound. Further, it is
found that «(7) increases with increasing temperature above the
low-T peak. This is quite unusual since the high temperature
thermal conductivity of the crystalline insulators is mostly a
decreasing function of temperature and cannot be attributed to
high temperature electron or phonon processes. Such a behavior
of high-T « (T) may be attributed to the local anharmonic lattice
distortions associated with the formation of structural polarons.
As a result of the presence of oxygen defects or vacancies in
these oxides, these polarons are thermally excited that could
provide an additional channel for the heat conduction at high
temperatures.

Finally, from the electrical and thermal transport properties
presented above, one can estimate the thermoelectric perfor-
mance of these (Zn0),,In,O3 ceramics. It is found that the
dimensionless figure of merit ZT is optimized for m = 6 with a
value of 0.0045 at 300 K. This value is comparable with that
reported earlier with m=9 [9], however, two orders of
magnitude lower than that of state of the art bismuth telluride-
based thermoelectric materials at room temperature. The
present work represents potential candidates for intermediate-
and high-temperature thermoelectric applications with a careful
selection of Zn content and annealing condition in the Z,10
system.

4. Conclusion

In conclusion, the synthesis and transport properties of Z,,10
ceramics prepared by conventional solid-state reaction method
have been studied. It can be seen that the lattice parameters of
7,10 ceramics decrease monotonously with the increase in Zn
concentration due to the smaller ionic radii of Zn in these
compounds. On the other hand, the transport properties of Z,,10
ceramics are found to be very sensitive to the post-annealing
temperature as well as the zinc content m. The ZsIO compound
annealed at 1400 °C shows a lower resistivity with larger values
of mobility and carrier concentration, while Z¢IO compound
annealed at 1300 °C achieves an optimum electrical property
with a  room-temperature  resistivity  value  of
594 x 10> Qcm. The resistivity of ZsIO annealed at
1400 °C decreases by more than 2 orders of magnitude in
comparison with that of ZsIO annealed at 1200 °C, while the
resistivities of Z¢glO compounds annealed at 1250 and 1350 °C
are more than 3 orders of magnitude larger than that of Z¢IO
annealed at 1300 °C. Moreover, all the Z,,10 compounds with a
T,, of 1300 °C show a lowest resistivity at m = 6. In the analysis
of temperature-dependent resistivity data, the conduction
mechanism can be satisfactorily described by variable-range
hopping model for ZsIO and Z¢IO compounds. The measured
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Seebeck coefficient was found to be negative in the entire
temperature range we investigated, suggesting that the
dominant carriers are electron-type in these compounds and
being consistent with the Hall measurements. The measured
room temperature value of thermal conductivity is about 5 W/
m-K, relatively little affected with respect to the changes in the
Zn concentration. It is inferred that the oxygen defects or
vacancies in the InO, layers play an important role on both the
electrical and thermal transport properties of these (ZnO)-
»In,O3 ceramics.
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