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Polycrystalline SnO2-based samples (Sn0.97�xSb0.03ZnxO2, x = 0, 0.01, 0.03)
were prepared by solid-state reactions. The thermoelectric properties of SnO2

doped with Sb and Zn were investigated from 300 K to 1100 K. X-ray dif-
fraction (XRD) analysis revealed all XRD peaks of all the samples as identical
to the rutile structure, except for the x = 0.03 sample, which had a small
amount of Zn2SbO4 as a secondary phase. We found that the power factor of
the x = 0.03 sample was significantly improved due to the simultaneous
increase in the electrical conductivity and the Seebeck coefficient. A power
factor value of �2 9 10�4 W m�1 K�2 was obtained for the x = 0.03 sample at
1060 K, 126% higher than that for the undoped sample.
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INTRODUCTION

Thermoelectric materials have attracted exten-
sive interest in past decades as they can directly
convert heat into electricity. Since Terasaki et al.
reported that single-crystal NaCo2O4 shows a high
power factor at 300 K,1 oxide thermoelectric mate-
rials have been extensively studied.2–4 Oxide-re-
lated materials with high performance are some of
the most promising materials for thermoelectric
devices because they are chemically and thermally
stable at high temperature in air. The performance
of a thermoelectric material at a given temperature
T is determined by the dimensionless figure of merit
ZT = rS2Tj�1, where r, S, and j represent the
electrical conductivity, Seebeck coefficient, and
thermal conductivity, respectively. For polycrystal-
line bulk materials, the ZT values of p-type
Ca2.7Ag0.3Co4O9/Ag-10% composite5 and n-type ZnO
codoped with Al and Ga samples6 were reported to
be 0.5 at 1000 K and 0.65 at 1247 K, respectively.
Considerable efforts have been made to increase ZT
values further for various materials.

Tin dioxide (SnO2) crystallizes in a rutile-type
structure with two equivalent a-axes (4.7382 Å) and
a shorter c-axis (3.1871 Å),7 and it has a wide band
gap of 3.87 eV to 4.3 eV.8 Stoichiometric pure SnO2

is an insulator, while nonstoichiometric SnO2 dis-
plays n-type conductivity due to oxygen vacancies or
doping with elements such as antimony or fluorine.8

For these reasons, the electrical conducting behav-
ior of nonstoichiometric and impurity-doped SnO2

has been studied for many years. Behr et al.
reported that the electrical conductivity at room
temperature for a 1 mol% Sb-doped polycrystalline
pellet and a 0.1 mol% Sb-doped single crystal are
5.3 X�1 cm�1 and 48 X�1 cm�1, respectively.9

Because of its advantageous transport properties,
doped SnO2 can be used for transparent electrodes,
solid-state gas sensors, and varistors. Because
densification of SnO2 ceramics without sintering
aids is very difficult,10 oxides such as CuO,11

Bi2O3,11 MnO2,11,12 CoO,12 Co2O3,13 Co3O4,11,14,15

and CaCO3
15 are used as sintering aids. On the

other hand, Nb2O5,8,14 La2O3,12 Ta2O5,13 Fe2O3,14

Sb2O3,15 and V2O5
16 can be used to control the

electrical conductivity. Recently, Saadeddin et al.
have reported that SnO2 ceramics codoped with
Sb5+ and Zn2+ showed a high electrical conductivity
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and high density.17 As for thermoelectric properties,
Morgan and Wright measured the Seebeck effect in
SnO2 single crystals. The Seebeck coefficients ran-
ged from approximately 50 lV K�1 to 220 lV K�1,
depending on the temperature or concentration of
conduction electrons in the samples.18 Tsubota et al.
measured the thermoelectric behavior of SnO2

ceramics doped with Ti and Sb up to 800�C
and obtained the maximum figure of merit Z
of 2.4 9 10�5 K�1 for the Sn0.98Ti0.01Sb0.01O2

sample.19

In this study, we synthesized polycrystalline
Sn0.97�xSb0.03ZnxO2 (x = 0, 0.01, 0.03) samples and
characterized their thermoelectric properties. We
found that the thermoelectric performance of SnO2

can be improved by codoping with Sb and Zn.

EXPERIMENTAL PROCEDURES

Sb and Zn codoped SnO2 (Sn0.97�xSb0.03ZnxO2)
polycrystalline solid solutions were prepared by a
conventional solid-state reaction method. SnO2

(99.9%), Sb2O5 (99.9998%), and ZnO2 (99.99%)
powders were used as starting materials. The pow-
ders were weighed, mixed, and ball-milled in etha-
nol for 24 h. After milling, the powders were pressed
with a cold isostatic press at 250 MPa. Finally, the
samples were sintered at 1573 K for 10 h in flowing
air with a heating and cooling rate of 2 K min�1.
The crystalline structure properties of the samples
were studied by x-ray diffraction (XRD) using a
Bruker D8 diffractometer with Cu Ka radiation. The
microstructure of the fractured surface of the sam-
ples was observed with a Hitachi scanning electron
microscope (SEM) TM-1000. The densities of the
samples were evaluated by measuring the volume
and weight of the samples with a digital micrometer
and a digital balance. The high-temperature elec-
trical conductivity and the Seebeck coefficient were
simultaneously measured using an ULVAC-ZEM3
device under a low-pressure helium atmosphere.
The thermal conductivity was measured by a laser
flash technique using a Netzsch LFA-457 in a
nitrogen atmosphere.

RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of undoped SnO2

and Sn0.97�xSb0.03ZnxO2 (x = 0, 0.01, 0.03) ceramics.
It can be seen that all the samples except the
x = 0.03 sample were composed of a single-phase
compound with a rutile structure. Four weak peaks
observed in the XRD pattern for the x = 0.03 sample
were attributed to the diffraction peaks of the sec-
ondary phase Zn2SnO4. Our results indicated the
solubility limit of Zn in SnO2 doped with 3 at.% Sb
to be less than 3 at.%.

Figure 2 shows SEM images of undoped SnO2 and
Sn0.97�xSb0.03ZnxO2 (x = 0, 0.01, 0.03) ceramics. The
densities of the samples were 4.08 g cm�3,
3.90 g cm�3, 4.19 g cm�3, and 5.45 g cm�3, respec-
tively. The undoped SnO2 consisted of agglomerated

particles with diameters ranging from sub-lm to
approximately 5 lm, and many pores were ob-
served. Doping with 3 at.% Sb led to a decrease in
the density and grain size of SnO2. This is due to the
fact that the doping of Sb2O3 decreases the concen-
tration of oxygen vacancies, resulting in reduced
mass transport.11 On the contrary, doping with Zn
significantly increased the grain size of SnO2, as
shown in Fig. 2c, d. It can be seen that facets
between grains developed as the amount of Zn doping
increased. This result clearly shows that Zn doping
enhanced mass transport at the grain boundaries.

The temperature dependence of the electrical
conductivity of the samples is shown in Fig. 3. The
electrical conductivity of the undoped SnO2 sample
increased with increasing temperature and reached
a nearly constant value at temperatures above
700 K. Doping with Sb significantly enhanced the
electrical conductivity, indicating that Sb doping
introduced free electrons in the conduction band.
For the x = 0 sample, the electrical conductivity
increased with temperature and reached the maxi-
mum value of 280 X�1 cm�1 at approximately
620 K, and then decreased as the temperature was
increased. It is interesting that the x = 0.03 sample
showed the highest electrical conductivity among
the samples at high temperatures. The behavior of
the electrical conductivity of the samples with
different doping levels and morphology can be
explained by considering the following competing
factors: (1) Zn doping leads to an increase in the
density and the grain size, which increases the time

Fig. 1. XRD patterns of undoped SnO2 and Sn0.97�xSb0.03ZnxO2

ceramics: (a) undoped SnO2, (b) x = 0, (c) x = 0.01, and (d)
x = 0.03.

Thermoelectric Properties of SnO2 Ceramics Doped with Sb and Zn 675



between electron scattering events of charge carri-
ers, and thus increases electrical conductivity. (2)
Zn doping of SnO2 leads to an increase in carrier
mobility,17 which also increases the electrical con-
ductivity. (3) Substitution of Zn2+ for Sn4+ increases
the hole concentration of the system, leading to a
decrease in the electron concentration and thus a
decrease in the electrical conductivity.20 It is con-
sidered that, for the x = 0.03 sample, factors 1 and 2
dominantly affect the electrical conductivity, com-
pared with factor 3. Further investigation is needed

to clarify the effect of Zn doping on the electrical
conductivity of SnO2.

The temperature dependence of the Seebeck
coefficient of the samples is displayed in Fig. 4. All
the samples have negative Seebeck coefficients,
indicating that a majority of carriers are electrons.
The Seebeck coefficient of all the samples gradually
increased with increasing temperature. The abso-
lute values of the Seebeck coefficient for the
undoped SnO2 ranged from 150 lV K�1 to
250 lV K�1. The absolute values of the Seebeck
coefficient for the Sb-doped samples were lower

Fig. 2. SEM images of undoped SnO2 and Sn0.97�xSb0.03ZnxO2 ceramics: (a) undoped SnO2, (b) x = 0, (c) x = 0.01, and (d) x = 0.03.

Fig. 3. Temperature dependence of the electrical conductivity of the
samples.

Fig. 4. Seebeck coefficient as a function of temperature for the
samples.
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than those of the undoped samples, which is in
agreement with the results shown by Tsubota
et al.19 Note that the absolute values of the Seebeck
coefficient were enhanced for the samples codoped
with Sb and Zn. The x = 0.03 sample showed higher
absolute values of the Seebeck coefficient than those
of the x = 0.01 sample over the entire temperature
range. In general, the value of the Seebeck coeffi-
cient decreases with increasing carrier density in
common semiconductors.21 The decrease in carrier
concentration by Zn doping is probably related to
the increase in the Seebeck coefficient. Our results
also indicate that the influence of grain size on the
Seebeck coefficient of SnO2 is small.

Figure 5 presents the temperature dependence of
the power factor. While the values of the power
factor for the undoped SnO2 and the x = 0 samples
were mostly below 1 9 10�4 W m�1 K�2 over the
measured temperature range, those for the samples
codoped with Sb and Zn were higher. The maximum
power factor (2.13 9 10�4 W m�1 K�2) was obtained
for the x = 0.03 sample at 1060 K. Improvement of
the power factor could be expected through optimi-
zation of the doping levels of Sb and Zn.

CONCLUSIONS

We have prepared SnO2 ceramics simultaneously
doped with Sb and Zn (Sn0.97�xSb0.03ZnxO2, x = 0,
0.01, 0.03) by solid-state reaction. XRD analysis
revealed that the samples with x = 0 and 0.01
showed a single-phase rutile structure, while the
x = 0.03 sample contained a small amount of
Zn2SbO4 as a secondary phase along with the main
phase of SnO2. Simultaneous doping with Sb and Zn
increased the grain size and the density. We found
an increase in both the electrical conductivity and

the absolute value of the Seebeck coefficient for the
codoped sample with x = 0.03 above 700 K com-
pared with those for the sample doped with only Sb.
The increased electrical conductivity should be due
to the enhanced grain growth and the increase in
carrier mobility by Zn doping. The increase in the
Seebeck coefficient is probably due to the decrease
in carrier concentration by Zn doping. The influence
of grain size on the Seebeck coefficient of SnO2 was
small. The maximum power factor value of approx-
imately 2 9 10�4 W m�1 K�2 was obtained for the
x = 0.03 sample at 1060 K.
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