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The thermoelectric (TE) properties of SnO, codoped with Sb and Zn were
investigated. Polycrystalline ceramics of n-type SnO,-based semiconductors
(Sn,,,Sb,Zn 0,, x = 0, 0.01, 0.03, 0.05, 0.07) were prepared by reactive spark plasma
synthesis followed by thermal treatment at a temperature of 1123 K. X-ray diffraction
(XRD) analysis showed that most of the XRD peaks could be assigned to peaks of the
pure SnO, phase. The x = 0.05 and 0.07 samples showed the formation of a Zn,SnO,
secondary phase along with the main SnO, phase. Microstructural analysis by scanning
electron microscopy showed that the average grain sizes of the Sb and Zn codoped
samples were larger than that of the undoped sample. The highest TE power factor in
this study was 1.20 x 10 Wm'K2, which was comparable to the previously reported
value for the sample synthesized by conventional normal pressure sintering at 1573
K. The synthesis method we describe here is very effective for the low-temperature
synthesis of SnO,-based TE ceramics.

1. Introduction

Thermoelectric (TE) materials can directly convert heat to electricity; therefore,
they are very important for thermal sensors and for harvesting waste heat such as that
produced in power plants, garbage furnaces, and car engines. TE generators, however,
have not been widely used to generate electricity because they are still inefficient and
expensive. Thus, much effort has been expended, including in materials development,
to improve the TE conversion efficiency. Various interesting TE materials have
been reported to date such as tellurides,!? silicon germanium,® silicides,** zinc
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antimonides,© skutterudites,” clathrates,® half-Heusler alloys,® nanostructured
materials,(!%') and oxides.'” This last group of materials has been extensively
investigated after the discovery of the good TE properties of the layered cobalt oxide
Na,Co0,"¥ because of their high thermal and chemical stabilities at high temperatures in
air.

TE materials are evaluated using the figure of merit, ZT = TS?0/x, where T is the
absolute temperature, S is the Seebeck coefficient, and ¢ and «x are the electrical and
thermal conductivities, respectively. Although this equation shows that a large S, a high
o, and a small x are required for a high Z7, these three parameters are interrelated, which
makes achieving a high Z7 difficult.

Tin oxide (SnO,) is an interesting and attractive material. Several of its potential
applications, such as its use as an electrode for dye-sensitized solar cells and
electrochromic devices,!'» a catalyst in chemical reactions,!'® a varistor,!” and a
material for gas sensor,('® were previously reported. SnO, is an n-type semiconductor
with high electrical conductivity, so this material is also expected to be suitable for use
in TE devices. We previously reported the TE properties of SnO, ceramics codoped with
Sb and Zn, Sny 4, ,Sby(;,Zn,0, (x =0, 0.01, 0.03), where Sb was used as an n-type dopant
to increase the number of free electrons and Zn was used as a sintering aid to fabricate
high-density samples.'” The samples were prepared by cold isotropic pressing (CIP)
and normal pressure sintering at a temperature of 1573 K for 10 h. We found that the
TE power factor of the x = 0.03 sample was improved by the simultaneous increases in
electrical conductivity and Seebeck coefficient. The highest TE power factor of the x = 0.03
sample was approximately 2 x 10* Wm™'K2 at 1060 K, and this value was 126% higher
than that of the undoped sample.

Spark plasma sintering (SPS) utilizes a pulsed high DC current along with uniaxial
pressure to consolidate powders. This process allows one to obtain high-quality dense
ceramics at relatively low temperatures and in short sintering times, typically a few
minutes.?® The mechanism of SPS has been described in detail in several papers.?'-23
It has also been recognized that chemical reactions can be carried out in SPS. Reactive
SPS includes the synthesis and densification of materials in a single step and thus offers
faster processing times.?%

In this study, reactive SPS was employed to synthesize SnO,-based samples,
Sn,,,Sb.Zn, 0, (x =0, 0.01, 0.03, 0.05, 0.07). The samples were prepared by reactive
SPS followed by thermal treatment at a temperature of 1123 K. The temperature
dependences of the electrical conductivity and Seebeck coefficient of the samples were
measured from about 330 to 1073 K. The maximum TE power factor of 1.2x10°*
Wm'K™? was obtained at 1060 K for the x = 0.05 sample. Reactive SPS with post-
thermal treatment was effective for the low-temperature synthesis of SnO,-based TE
materials.

2. Experimental Methods
The starting materials were commercially available SnO, (99.9%, Sigma Aldrich),

Sb,05 (99.99%, Sigma Aldrich), and ZnO (99.99%, Sigma Aldrich) powders. The
powders were mixed in appropriate molar ratios and ground well in a mortar. Then, the
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powder was loaded in a cylindrical graphite die with an inner diameter of 15 mm. A
carbon sheet of 0.2 mm thickness was inserted between the graphite die and the powder
to avoid their reaction. The synthesis was carried out in vacuum using an SPS apparatus
(SPS-5118S, Sumitomo Coal Mining Company Ltd.). The powder mixture was heated
from room temperature to 1123 K in 10 min and then held at that temperature for 10 min.
A uniaxial pressure of 30 MPa in the die was applied during the entire process. The
subsequent thermal treatment in air was carried out for all the samples at 1123 K for 24 h
both to remove carbon from and to supply oxygen to the samples.

The constituent phases of the samples were determined by X-ray diffraction (XRD)
using a Rigaku Ultima IV diffractometer, and intensity data were collected in the 20
range of 20-70° with Cu-Ka radiation. The microstructure of the fracture surfaces of the
samples was observed by a JEOL scanning electron microscope (SEM; JSM-6360LA).
The electrical conductivity o and Seebeck coefficient S were simultaneously measured
using an ULVAC-ZEM2 system from about 330 to 1073 K under a partial helium
pressure.

3. Results and Discussion

Figure 1 shows the XRD patterns of the Sn, ,,Sb,Zn O, (x =0, 0.01, 0.03, 0.05, 0.07)
ceramics. All XRD peaks can be indexed to peaks of the SnO, rutile phase (ICCD card
PDF #41-1445) except for the small amount of the secondary phase of Zn,SnO, in the x
=0.05 and 0.07 samples. These results indicate that the samples doped up to x = 0.03 are
single-phase. The solubility limit of Zn in the samples is less than 5 at.%.
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Fig. 1. XRD patterns of Sn,_,,Sb,Zn O, (x =0, 0.01, 0.03, 0.05, 0.07) ceramics.
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Figure 2 shows the SEM micrographs of the fracture surfaces of the samples. The
undoped (x = 0) sample consisted of agglomerated particles several sub-micrometers
in size, which is smaller than that of previously reported samples prepared by CIP
and normal pressure sintering.('” The grain growth strongly depended on the doping
concentration of Sb and Zn. The grain size increased as the amounts of Sb and Zn were
increased up to x = 0.05, and then decreased with further increases in x. This result is in
qualitative agreement with the results obtained by Saadeddin et al.?> They reported that
the bulk density of SnO, ceramics codoped with Sb and Zn (SnO,:Sb, :Zn,) increased
significantly as Zn?' content increased from x = 0 to 0.06; then, the bulk density
decreased with higher Zn values. The decrease in bulk density was considered to arise
from the formation of the secondary phase of Zn,SnO,.

The temperature dependence of the electrical conductivity for the samples with
different x values is shown in Fig. 3. The electrical conductivity of the undoped sample

Fig. 2. SEM images of fracture surfaces of Sn, ,.Sb,Zn O, ceramics: x = (a) 0, (b) 0.01, (c) 0.03, (d)
0.05, and (e) 0.07.
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Fig. 3. (Color online) Temperature dependence of the electrical conductivity of Sn, ,,Sb,Zn,0, (x =0,
0.01, 0.03, 0.05, and 0.07) ceramics.
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showed a weak temperature dependence. This behavior with temperature is very similar
to that observed for the undoped SnO, prepared by CIP and normal pressure sintering,(
but the electrical conductivity of the sample in this study was about 1/3 that of the sample
in ref. 19. The reason for the low electrical conductivity may be the smaller grain size,
which reduces carrier mobility owing to scattering at grain boundaries. For the samples
with x = 0.03, 0.05, and 0.07, the electrical conductivity increased monotonically
with increasing temperature. The sample with x = 0.05 showed the highest electrical
conductivity among the other samples over the entire temperature range, although the
x = 0.07 sample had the highest doping concentration of Sb and Zn. The decrease in
the electrical conductivity of the x = 0.07 sample compared with the x = 0.05 sample
is probably due to both the decrease in grain size and the increase in the amount of the
insulating inverse spinel phase of Zn,SnO,.?> The highest value of 3.37 x 10° Q'm!
was obtained for the sample with x = 0.05 at 1072 K.

The temperature dependence of the Seebeck coefficients of the samples is shown in
Fig. 4. The Seebeck coefficients of the samples are negative in the measured temperature
range, indicating that the majority carriers are electrons. The absolute Seebeck
coefficient |S| for every sample increased continuously with increasing temperature over
the entire temperature range. The temperature behavior of the samples can be classified
into two groups: the first one comprises the undoped and x = 0.01 samples, and the
second group comprises the x = 0.03, 0.05, and 0.07 samples. For general semiconductor
materials, the Seebeck coefficient depends on carrier concentration; generally, the
Seebeck coefficient decreases with increasing carrier concentration.?® Therefore, this
temperature behavior implies that the samples in the same group have similar quantities
of charge carriers; for example, the carrier concentrations for the undoped and x = 0.01
samples are similar. The results for the second group show that the electron carrier
concentrations of the three samples seem to saturate at x = 0.03. For the sample with x =
0.05, the highest absolute Seebeck coefficient of about 190 uV/K was obtained at 1072
K. This value is about twice as large as that of the sample showing the highest TE power
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Fig. 4. (Color online) Seebeck coefficient as a function of temperature for Sn,_, Sb.Zn 0O, (x =0, 0.01,
0.03, 0.05, and 0.07) ceramics.
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factor (65?) in ref. 19. This suggests that the sample in this study has a lower carrier
concentration than the sample in ref. 19. The low carrier concentration and smaller grain
size of the sample in this study may be the reasons for the low electrical conductivity in
this sample.

The temperature dependence of the calculated TE power factor is plotted in Fig. 5.
The TE power factors of all the samples increased with increasing temperature. The x = 0.05
sample showed the highest TE power factor in the higher temperature region. This high
TE power factor was primarily due to the increase in electrical conductivity compared
with that in the other samples. The highest TE power factor of 1.20 x 10* Wm K2 was
obtained at 1072 K. This highest value is comparable to that of the sample prepared by
CIP and normal pressure sintering at a temperature of 1573 K, which is 450 K higher
than the temperature in this study. Table 1 shows the sintering conditions and the values
of TE parameters of the samples showing the highest power factors in this study and ref.
19. The reactive SPS method with post-thermal treatment was confirmed to be effective
for synthesizing SnO,-based TE ceramics at lower temperatures.
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Fig. 5. (Color online) Temperature dependence of the TE power factor (65?) of Sn, ,,Sb.Zn O, (x =0,
0.01, 0.03, 0.05, and 0.07) ceramics.

Table 1

Comparison of the sintering conditions and TE parameters of the samples showing the highest
power factors in this study and ref. 19.

This study Ref. 19

Preparation method SPS CIP
Sintering temperature (K) 1123 1573
Measuring temperature (K) 1072 1060
Electrical conductivity o (Q'm™")  3.37 x 10? 1.83 x 10*
Seebeck coefficient S (WV/K) —189 —108

Power factor 65? (Wm'K™?) 1.20 x 104 2.13
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The ability to produce materials at low temperatures reduces production costs,
leading to commercial advantage. We believe that a higher TE power factor can be
achieved at a temperature of 1123 K, at which the samples were synthesized in this study,
by adjusting the conditions. In particular, an increase in uniaxial pressure during reactive
SPS will make samples more dense, increasing carrier mobility, electrical conductivity,
and TE power factor.

4. Conclusions

We demonstrated a method of synthesizing SnO,-based ceramics (Sn,,,Sb,Zn,0O,,
x =10, 0.01, 0.03, 0.05, and 0.07) at a low temperature of 1123 K using reactive spark
plasma synthesis followed by thermal treatment. XRD measurements showed that
all the samples were single-phase with a rutile structure except the x = 0.05 and 0.07
samples, which had small amounts of the Zn,SnO, secondary phase. The grain size
strongly depended on the doping concentrations of Sb and Zn. The sample with x = 0.05
showed the largest average grain size and the highest electrical conductivity of 3.37 x
10° Q'm™" at 1072 K. The absolute Seebeck coefficient |S| of every sample increased
with increasing temperature. The results of the temperature dependence of the Seebeck
coefficient imply that the carrier concentrations of the samples seem to saturate at x = 0.03.
The TE power factor was maximized to a value of 1.20 x 10* Wm K2 at 1073 K for
the x = 0.05 sample. We confirmed that the method combining reactive SPS with post-
thermal treatment was very effective for the low-temperature synthesis of SnO,-based TE
ceramics.
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