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Partially filled CoSb3 skutterudite compounds are emerging materials for thermoelectric energy
conversion at high temperature. CaxCo4Sb12 with different Ca contents has been prepared by the
conventional metallurgical route. The temperature dependences of the electrical resistivity, Seebeck
coefficient, and thermal conductivity have been measured on these compounds in the 300–800 K
temperature range. These measurements have identified Ca as being a truen-type filler atom and
offer, for this family of skutterudite, several valuable insights into the potential of Ca to provide
good thermoelectric performance. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1688463#

I. INTRODUCTION

Extensive efforts have been devoted over the last several
years to study the physical properties of a class of materials
called skutterudites. It was demonstrated that some semicon-
ducting skutterudite compounds have a great potential for
thermoelectric applications.1,2 The principal characteristics
for ‘‘good thermoelectric materials’’ are given by the defini-
tion of the dimensionless figure of meritZT, whereT is the
absolute temperature andZ5a2/rl. In this equation,a is
the Seebeck coefficient,r the electrical resistivity, andl the
total thermal conductivity (l5lE1lL wherelE is the elec-
tronic contribution andlL the lattice contribution!. Finding
more efficient thermoelectric materials for either refrigera-
tion or power generation applications corresponds to finding
materials with higher values ofZT than state-of-the-art ma-
terials.

Skutterudites are binary compounds of general formula
MX3 where M is a transition metal such as Co, Rh, or Ir and
X stands for a picnogen atom such as P, As, or Sb. Binary
skutterudites crystallize in the body-centred cubic structure
in the space group Im 3. It is an open crystalline structure
typified by the presence of two voids. This feature is the key
point for making skutterudite material with interesting ther-
moelectric properties. Actually, by filling the voids with for-
eign species, one may modify both the electronic and lattice
properties and enhance the thermoelectric performances.1–24

In this connection, the greatest efforts were conducted with
cobalt triantimonide. Several kinds of atoms were used to fill
the voids of the structure, including rare earths,3–13 alkaline
earths,24 Sn,15–17 or Tl elements.14 High ZT values, com-

pared to the state-of-the-art Si–Ge alloys, were obtained with
the CeyFe42xCoxSb12

25 and Ba0.3Co42xNixSb12
26 compounds

for achievingp andn type semiconductors, respectively.
In this article, we present an investigation of CoSb3 par-

tially filled with an alkaline earth, namely calcium. All the
transport measurements necessary to calculate the value of
ZT were performed within the temperature range 300–800
K. This work offers several valuable insights into the poten-
tial of this family of compounds for thermoelectric applica-
tions.

II. EXPERIMENT

Preparation of the samples used in this study was per-
formed by a metallurgical route and is described in detail
elsewhere.27 High purity Co ~free of Ni!, Sb, and Ca were
used as starting materials. The densification~.80% of the
theoretical density! of the samples was accomplished by hot
pressing in graphite dies under an argon atmosphere at
600 °C for 2 h and under a pressure of 660 kg/cm2.27

Structural and chemical characterisations of the samples
were realized through x-ray diffraction~XRD!, neutron dif-
fraction and electron microprobe analyses~EPMA!. All the
compositions reported in this article result from EPMA
analyses and were normalized to full occupancy of the cobalt
site.

It was shown that the maximum filling fraction of
CaxCo4Sb12 is at leastx50.2 with the preparation method
we developed. This value is only half of the maximum filling
fraction of the other alkaline earth filler atom barium, but is
consistent with that obtained for Tl, La, Yb filler atom.30

XRD and EPMA revealed the single phase and chemically
homogeneous samples. Rietveld refinement performed on
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neutron data proved that the calcium is located in the voids
of the structure.27

Transport properties have been performed in the 300–
800 K temperature range. All the samples were measured in
a direction perpendicular to the pressing direction except for
thermal conductivity. Thermal conductivity was determined
by measuring the thermal diffusivity by a laser flash tech-
nique, the specific heat by differential scanning calorimetry,
and the density by an immersion technique. The electrical
resistivity was measured by a four probes technique based on
the Van der Pauw method, whereas the Seebeck coefficient
was determined using a standard method.28

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the See-
beck coefficient for several CaxCo4Sb12 samples (x
50,0.05,0.08,0.2). The binary compound CoSb3 appearsp
type by this way of synthesis. The value of the Seebeck
coefficient becomes negative for all samples containing Ca
between 300 and 800 K. Filling the voids of the structure
with Ca atoms provides the possibility of changing the sign

of the Seebeck coefficient. The Ca atoms give electrons to
the structure and thus change the carrier concentration and its
nature. Under these circumstances, typical of doped semi-
conductors, we observe a weak decrease of magnitude of the
Seebeck coefficient with the increase of calcium content.
Nevertheless, the values of S remain important in the whole
temperature range. These values of Seebeck coefficients are
similar to those observed for CoSb3 partially filled with Ce,4

La,6 Ba,24 and are presumably due to the large electron ef-
fective masses. We estimated the electron effective mass in
CaxCo4Sb12 using a single parabolic band model with acous-
tic phonon scattering. In this model, the Seebeck coefficient
a can be expressed as

a52
k

e S 2
F1~j!

F0~j!
2j D , ~1!

wherej is the reduced Fermi level andFx is the Fermi inte-
gral of orderx. Using the same formalism, the electron car-
rier concentrationn can be expressed as

n5
4

Ap
S 2pm* kT

h2 D 3/2

F1/2~j!, ~2!

wherem* is the electron effective mass.
The reduced Fermi levels were determined from the ex-

perimental data using Eq.~1! and were applied to Eq.~2!,
together with the experimental Hall carrier concentration val-
ues ~measured at room temperature!, to calculate the effec-
tive masses. Employing this simple model, the effective
masses obtained are comprised between 2 and 3m0 (m0 is
the free electron mass! for CaxCo4Sb12 compounds. These
values are in good agreement with those obtained for par-
tially filled Ce,4 La,12 Ba,24 CoSb3 compounds. The rela-
tively large values ofm* are also consistent with band struc-
ture calculations performed on CaxCo4Sb12.29

Figure 2 shows the temperature dependences of the elec-
trical resistivity for the same samples. Thep-type CoSb3
resistivity behavior is consistent with previously published
results for similar carrier concentration (p;331018cm23 at
room temperature!.21 The electrical resistivity of the three
samples containing Ca is relatively high, with room tempera-

FIG. 1. Temperature dependence of the Seebeck coefficient:~m!
Co4Sb12.24p type, ~d! Ca0.05Co4Sb12.43, ~j! Ca0.08Co4Sb12.45, and ~l!
Ca0.2Co4Sb12.46.

FIG. 2. Temperature dependence of the electrical resistivity of:~m!
Co4Sb12.24p type, ~d! Ca0.05Co4Sb12.43, ~j! Ca0.08Co4Sb12.45, and ~l!
Ca0.2Co4Sb12.46.

FIG. 3. Temperature dependence of the thermal conductivity of:~m!
Co4Sb12.24p type, ~d! Ca0.05Co4Sb12.43, ~j! Ca0.08Co4Sb12.45, and ~l!
Ca0.2Co4Sb12.46.
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ture values around 30mV m, compared to Ba,24 Eu,9 or
Yb-filled12 skutterudites. Filling the voids of CoSb3 with Ca
may therefore lead to less optimized electrical resistivity as
compared to the other divalent atoms.

The most interesting properties of these partially filled
skutterudites are their thermal conductivity. The binary
p-type CoSb3 compound has a thermal conductivity of about
8.4 W/m K at room temperature. As shown in Fig. 3, the total
thermal conductivity of the CaxCo4Sb12 compounds is lower
than that of CoSb3 over all the temperature range investi-
gated. The electronic thermal conductivitylE has been esti-
mated from the Wiedeman–Franz law (lE5L0T/r, where
L052.4431028 V2/K2). Taking into account the relatively
high value of the electrical resistivity, the total thermal con-
ductivity of the CaxCo4Sb12 compounds reflects essentially
the lattice thermal conductivity. The lowering of the lattice
thermal conductivity can be attributed to the rattling motion
of the Ca ions inside the voids as it was already suggested by
the large atomic displacement parameter~ADP! obtained for
Ca in CaxCo4Sb12 compounds~ADP50.68 Å2 at 300 K!.27

However, the lattice thermal conductivity remains relatively
large in comparison to skutterudites partially filled with rare-
earth atoms~Ce,4 La,6 Yb!12 and other species~Tl!.14 To
decrease the lattice thermal conductivity of CaxCo4Sb12-
based compounds even more, further substitution of Co by
Ni and multifilling approaches might be interesting ways of
investigation.30

From the results of the three transport properties, we
have calculated the dimensionless figure of meritZT for
each sample. For all samples, theZT values increase with
increasing temperature within the temperature range investi-
gated~Fig. 4!. A maximumZT value of 0.45 was achieved at
800 K for the compounds presenting the maximum filling
fraction.

IV. CONCLUSION

Ca partially filled skutterudite compounds have been
synthesized untilx50.2 by a metallurgical route. Transport
properties measurement put forward that Ca can be identified
as a truen-type filler atom. Despite the thermoelectric per-

formance of these compounds being quite decent, they re-
main less attractive than the Ba partially filled compounds in
the same range of temperature.24 Further improvement may
be forthcoming in these materials, particularly if the lattice
thermal conductivity and the electrical resistivity can be fur-
ther reduced.
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Noël, Eur. Phys. J. B14, 483 ~2000!.

14B. C. Sales, B. C. Chakoumakos, and D. Mandrus, Phys. Rev. B61, 2475
~2000!.

15H. Takizawa, K. Miura, M. Ito, T. Suzuki, and T. Endo, J. Alloys Compd.
79, 282 ~1999!.

16H. Takizawa, K. Okazaki, K. Uheda, T. Endo, and G. S. Nolas, Mater. Res.
Soc. Symp. Proc.37, 691 ~2002!.

17G. S. Nolas, H. Takizawa, T. Endo, H. Sellinschegg, and D. C. Johnson,
Appl. Phys. Lett.77, 52 ~2000!.

18D. Mandrus, A. Migliori, T. W. Darling, M. F. Hundley, E. J. Peterson, and
J. D. Thompson, Phys. Rev. B52, 4926~1995!.

19J. W. Sharp, E. C. Jones, R. K. Williams, P. M. Martin, and B. C. Sales, J.
Appl. Phys.78, 1013~1995!.

20D. T. Morelli, T. Caillat, J.-P. Fleurial, A. Borshchevsky, J. Vandersande,
B. Chen, and C. Uher, Phys. Rev. B51, 9622~1995!.

21T. Caillat, A. Borshchevsky, and J.-P. Fleurial, J. Appl. Phys.80, 4442
~1996!.

22H. Anno, K. Hatada, H. Shimizu, K. Matsubara, Y. Notohara, T. Sakak-
ibara, H. Tashiro, and K. Motoya, J. Appl. Phys.83, 5270~1998!.

23Y. Kawaharada, K. Kurosaki, M. Uno, and S. Yamanaka, J. Alloys Compd.
315, 193 ~2001!.

24L. D. Chen, T. Kawahara, X. F. Tang, T. Goto, T. Hirai, J. S. Dyck, W.
Chen, and C. Uher, J. Appl. Phys.90, 1864~2001!.

25J.-P. Fleurial, T. Caillat, A. Borshchevsky, D. T. Morelli, and P. Meisner, in
Proceedings of the 15th International Conference on Thermoelectrics, ed-
ited by T. Caillat~Institute of Electrical and Electronics Engineers, Piscat-
away, N.J., 1996!, p. 91.

26J. S. Dyck, W. Chen, C. Uher, L. Chen, X. Tang, and T. Hirai, J. Appl.

FIG. 4. Temperature dependence of the dimensionless figure of merit (ZT)
of: ~m! Co4Sb12.24p type, ~d! Ca0.05Co4Sb12.43, ~j! Ca0.08Co4Sb12.45, and
~l! Ca0.2Co4Sb12.46.

4854 J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Puyet et al.



Phys.91, 3698~2002!.
27M. Puyet, J. Solid State Chem.~submitted!.
28L. Rauscher, E. Mu¨ller, H. T. Kaibe, H. Ernst, and W. A. Kaysser, in

Proceeding 19th International Conference on Thermoelectrics, edited by

D. M. Rowe ~Babrow Press, U.K., 2000!, p. 395.
29J. Tobola~private communication!.
30C. Uher, inProceedings of the 22nd International Conference on Thermo-

electrics~accepted for publication!.

4855J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Puyet et al.


