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a b s t r a c t

Highly densified single-phase n-type polycrystalline CoSb3 samples were prepared with high pressure
sintering method followed by annealing under argon environment. The microstructure and thermoelec-
tric properties of the samples were characterized. The Hall coefficient measurements indicate that the
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majority carrier concentration is about 1019 cm−3 at 300 K for the annealed samples. The dimensionless
figure of merit, ZT, maintains a relatively high value over a wide range of measured temperature. The
maximum ZT of 0.15 is achieved at 523 K for the sample annealed at 773 K.

© 2010 Elsevier B.V. All rights reserved.
nneal
hermoelectric properties

. Introduction

Thermoelectric materials have been extensively studied nowa-
ays due to the increasing need for replacement energy as well
s the requirement of reducing the environmental deterioration
rom the greenhouse effect [1–5]. However, the low conversion
fficiency has set a severe barrier for large-scale commercial
pplications [6]. The performance of thermoelectric materials is
haracterized by the dimensionless figure of merit, ZT = S2�T/�,
here S, �, T, and � are the Seebeck coefficient, electrical con-
uctivity, temperature, and thermal conductivity, respectively. A
ood thermoelectric material should possess large Seebeck coeffi-
ient and electrical conductivity as well as low thermal conductivity
7]. Materials with skutterudite structure are good candidates for
mproving these thermoelectric properties [8]. The binary skutteru-
ite compounds have a cubic structure with space group of Im-3.
he structure can be denoted as AX3, where A is Co, Rh or Ir, and X
s Sb, As or P, etc. There are two cages per unit cell where extrinsic
toms can be accommodated as rattling atoms to scatter phonons,
eading to the so-called filled skutterudite structure with enhanced
T through phonon-glass electron-crystal approach [9]. Numerous
esearches have been carried out on filled skutterudite materials
nd promising progresses have been made [10–15].
CoSb3 is one of the most studied skutterudite materials as well as
he mother compound for extrinsic atom filling. Spark plasma sin-
ering (SPS), arc melting and hot pressing have been employed to
repare CoSb3 bulk samples. Samples synthesized with SPS method

∗ Corresponding authors.
E-mail addresses: bxu@ysu.edu.cn (B. Xu), fhcl@ysu.edu.cn (Y. Tian).
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have well-controlled grain size and reduced thermal conductivity,
but ZT is limited by the relatively low power factor [16]. Hot press-
ing method can produce samples with fine-grained structure and
high density (relative density larger than 90%), and ZT is enhanced
due to improved electrical conductivity [17]. Novel chemical alloy-
ing route was also used to prepare nanocrystalline CoSb3 samples
with high grain boundary density [18]. The thermal conductivity is
reduced in this case, but the sample density is low (relative den-
sity in the range of 65.71–74.48%). Recently, it was shown that high
pressure sintering (HPS) technique can effectively increase mate-
rial density and improve thermoelectric properties, especially the
electrical conductivity [19–21]. The electrical resistivity of PbTe
decreases sharply with increasing synthesis pressure from ambient
pressure to 3.2 GPa [21]. For the p-type CoSb3 samples synthesized
under high pressure and high temperature with the grain size of
micrometers, ZT was increased to 0.17 [20]. It is anticipated that
HPS can also be used to fabricate n-type bulk CoSb3 with improved
thermoelectric properties.

Here, we report n-type CoSb3 compounds prepared with HPS
method. The thermoelectric properties of HPS samples before and
after annealing were systematically studied. Relatively high power
factors (S2�) were achieved for the annealed samples over a wide
temperature range. The effectiveness of HPS technique in skutteru-
dite CoSb3 fabrication has been demonstrated.

2. Experimental details
In our experiments, Co powders (99.99%) and Sb powders (99.999%) were mixed
according to the stoichiometric ratio (1:3.1). Extra Sb was added to compensate the
loss at high temperature due to its high vapor pressure [22]. The mixed powders
were put into carbon capsules, loaded into furnace, and pre-sintered at 973 K for 20 h
under flowing argon protection to produce polycrystalline CoSb3. The synthesized
product was ground into powders for high pressure sintering at 4 GPa and 873 K

dx.doi.org/10.1016/j.jallcom.2010.05.039
http://www.sciencedirect.com/science/journal/09258388
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cient for the annealed samples is consistent with that of the Hall
coefficient: the sample annealed at 773 K possesses larger Hall
coefficient and Seebeck coefficient. In some CoSb3 samples, the
Seebeck coefficient can change sign from negative to positive as
temperature increased [16,23,24], resulting in the diminishing of
Fig. 1. XRD patterns of pre-sintering powders and annealed HPS samples.

or 15 min. The pressure was chosen to ensure the high density in the fabricated
ample. In the end of the HPS process, samples were quenched to room temperature
rior to releasing the applied pressure. The HPS samples were then heated slowly
5 K/min) to 673 K (or 773 K) and kept at the temperature for 5 min to release the
esidual stress under Ar protection. The annealed and unannealed HPS samples were
ut into rectangular blocks (2 mm × 2 mm × 8 mm) and the disks (Ø 8 mm × 1 mm)
or the electrical transport measurements and thermal conductivity measurements,
espectively.

The structure of polycrystalline CoSb3 was characterized by X-ray diffraction
Rigaku, D/MAX/2500/PC) with Cu K�. The sample density was measured with the
rchimedes method. The Seebeck coefficient and electrical conductivity were mea-
ured with a ZEM-3 (Ulvac-Riko, Inc.) apparatus, and the thermal conductivity was
easured with a TC-7000H (Ulvac-Riko, Inc.) apparatus.

. Results and discussion

The X-ray diffraction patterns of the pre-sintered CoSb3 pow-
ers as well as the annealed HPS samples are shown in Fig. 1. The
ain phase is skutterudite CoSb3. According to the XRD patterns,

here is some residual Sb existing in the pre-sintered CoSb3 pow-
ers and the annealed samples. As indicated by the magnified XRD
atterns in the inset of Fig. 1, the reflection from the Sb becomes
eaker for the annealed HPS samples, indicating smaller amount

f residual Sb in these samples.
The density of HPS samples before annealing is 7.674 g cm−3,

hich is higher than the theoretical density of 7.639 g cm−3. HPS
echnique thus provides us an effective way to fabricate highly den-
ified samples. The density of HPS samples annealed at 673 K and
73 K is lowered to 7.585 g cm−3 and 7.396 g cm−3, respectively,

ndicating a volume expansion during the annealing. As shown in
ig. 2, the SEM micrographs of the fractured surfaces from annealed
PS samples manifest grains with the size of several micrometers.
bviously, there are more pores and micro-cracks in the sample
nnealed at 773 K, which is consistent with the measured sample
ensities. The pores and micro-cracks as well as the decrease of
ample density can be attributed to the stress releasing process
ccurring at elevated temperatures.

The Hall coefficients of the annealed HPS samples are shown
n Fig. 3. The negative value indicates n-type conduction in CoSb3
ulks. For both samples, the Hall coefficients decrease with increas-

ng temperature due to the enhanced thermal vibration at high
emperature [23]. The measured carrier concentrations at 300 K

19 −3 19 −3
re 1.7 × 10 cm and 1.0 × 10 cm for the samples annealed
t 673 K and 773 K, respectively. The lower carrier concentration in
he sample annealed at 773 K may connect to the lower density of
b vacancy, which is consistent with the lower residual Sb in this
ample (Fig. 1).
Fig. 2. SEM images of the fractured surfaces for (a) the HPS sample annealed at 673 K
and (b) the HPS sample annealed at 773 K.

The temperature dependences of thermoelectric properties are
shown in Fig. 4 for both annealed and unannealed HPS samples.
Obviously, the Seebeck coefficient is significantly enhanced after
annealing and maintains a relative high value for the measured
temperature range. The variation tendency of the Seebeck coeffi-
Fig. 3. The Hall coefficient of annealed HPS samples measured from 60 K to 300 K
(-�- sample annealed at 673 K, -�- sample annealed at 773 K).
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ig. 4. The temperature dependencies of (a) the Seebeck coefficient, (b) electrical
ample without annealing, -�- sample annealed at 673 K, and -�- sample annealed
73 K, and -�- sample annealed at 773 K).

hermoelectric properties in the corresponding temperature range.
n our experiments, the two annealed CoSb3 samples exhibit n-
ype conduction for the temperature up to 700 K. We do notice a
ecreasing Seebeck coefficient when temperature is above 500 K,
hich can be attributed to the increasing contribution from minor-

ty carriers (holes) at high temperature.
The temperature dependence of the electrical conductivity is

hown in Fig. 4(b). Similar to the Seebeck coefficient, the electri-
al conductivity of the annealed HPS samples are highly improved
ompared with the unannealed sample near room temperature.
he electrical conductivity of the unannealed sample shows typical
haracters of semiconductor. For the annealed samples, the electri-
al conductivity is controlled by the electrons and decreasing with
ncreasing temperature from room temperature to 550 K. Above
50 K, when an increasing number of holes are thermally excited,
he electrical conductivity increases. The temperature dependence
f electrical conductivity is consistent with that of the Seebeck coef-
cient for the annealed samples. Moreover, the sample annealed at
73 K possesses a lower electrical conductivity than that of the sam-
le annealed at 673 K, which is also consistent with the variation
endency in the Hall coefficient and Seebeck coefficient. The elec-
rical conductivity of the annealed HPS sample is higher than that of
he CoSb3 samples sintered under vacuum [24]. This improvement
esults from the high sample density and optimization of transport
roperty in the HPS samples.

The temperature dependence of the thermal conductivity is
hown in Fig. 4(c). The total thermal conductivity can be expressed

s � = �L + �e, where �L and �e are the lattice thermal conductiv-
ty and electronic thermal conductivity. �e can be calculated with

iedemann–Franz law, �e = L�T, where L = 2.45 × 10−8 V2 K−2 is
he Lorenz number. Obviously, the lattice thermal conductivity
ominates in our HPS samples. In polycrystalline materials, grain
ctivity, (c) thermal conductivity, and (d) the dimensionless figure of merit ZT (-�-
K). �e is also shown in (c) (-�- sample without annealing, -©- sample annealed at

boundary and porosity would contribute to reduce the thermal
conductivity [18]. Our samples annealed at different temperatures
have similar grain size and sample density, so the similarity in
thermal conductivity is expected. It is noted that the thermal con-
ductivity is increasing at high temperature. This increase can be
attributed to the increasing contribution to the thermal conduc-
tivity from bipolar effect at high temperature [25]. The thermal
conductivities of the annealed samples are slightly higher than that
of the unannealed sample, which may be attributed to the increase
of grain size after annealing.

The dimensionless figure of merit ZT as a function of tempera-
ture is calculated and demonstrated in Fig. 4(d). Due to the great
improvements in the Seebeck coefficient and electrical conductiv-
ity, ZT is highly increased after annealing. The sample annealed at
673 K has the maximum ZT = 0.12 at 523 K and the sample annealed
at 773 K has the maximum ZT = 0.15 at the same temperature. In
addition, ZT of the annealed HPS samples maintains a relatively
high value over a wide range of temperature.

The thermoelectric property improvement in our samples is
mainly due to the enhancement of the power factor. Another advan-
tage of HPS method is the presence of high pressure can hinder
the coarsening of nanocrystalline grains during sintering. It is pos-
sible to fabricate highly densified nanostructured thermoelectric
materials with few atomic defects and small grain size using this
HPS method, leading to significant decrease in thermal conductiv-
ity. Such improvement is observed in bulk nanostructured Bi2Te3
samples produced with HPS method, as we will report later else-

where. By optimizing the thermal conductivity with introducing
atoms to the cage as “rattle” to scatter phonons [26] and increasing
grain boundary density with nanostructured CoSb3 [27], a further
enhancement in ZT can be expected. Continuous researches based
on these considerations are undertaken now.
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. Conclusions

Highly densified n-type skutterudite CoSb3 samples were syn-
hesized with high pressure sintering method at 4 GPa and 873 K.
he ZT of the 773 K annealed HPS sample reaches 0.15 at 523 K and
aintains a relatively high value between 400 K and 650 K. In the

nnealed sample, the Seebeck coefficient and electrical conductiv-
ty show similar temperature dependence which can be accounted
or by the carrier concentration. The power factor, S2�, is greatly
nhanced with the HPS method compared with other ambient pres-
ure methods. A further improvement in thermal conductivity as
ell as ZT is expected by decreasing the grain size and/or incorpo-

ating extrinsic atoms into the skutterudite cages.
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