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Partially filled CoSh skutterudite compounds are emerging materials for thermoelectric energy
conversion at high temperature. Ca,Sb;, 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-aypeadiller atom and

offer, for this family of skutterudite, several valuable insights into the potential of Ca to provide
good thermoelectric performance. @004 American Institute of Physics.

[DOI: 10.1063/1.1688463

I. INTRODUCTION pared to the state-of-the-art Si—Ge alloys, were obtained with

_ the CgFe,_,Ca,Sh,™ and Ba 5Co,_ Ni,Shy,*® compounds

Extensive efforts have been devoted over the last severg), achievingp andn type semiconductors, respectively.

years to study the physical properties of a class of materials |, this article, we present an investigation of Cg®ar-
called skutterudites. It was demonstrated that some semicoga"y filled with an alkaline earth, namely calcium. All the
ducting skutterudite compounds have a great potential fofansport measurements necessary to calculate the value of
thermoelectric apphcapo . The prmmpgl characterlsngs_ ZT were performed within the temperature range 300—800
for “good thermoelectric materials” are given by the defini-  This work offers several valuable insights into the poten-

tion of the dimensionless figuge of meﬂfr_, where_T is the tial of this family of compounds for thermoelectric applica-
absolute temperature anti= a“/p\. In this equation is tions.

the Seebeck coefficient, the electrical resistivity, andl the
total thermal conductivityX =\g+ X\ where\¢ is the elec-
tronic contribution and\| the lattice contribution Finding
more efficient thermoelectric materials for either refrigera-
tion or power generation applications corresponds to finding  Preparation of the samples used in this study was per-
materials with higher values &T than state-of-the-art ma- formed by a metallurgical route and is described in detail
terials. elsewheré’ High purity Co (free of Ni), Sb, and Ca were
Skutterudites are binary compounds of general formulaysed as starting materials. The densificatior80% of the
MX3 where M is a transition metal such as Co, Rh, or Ir andtheoretical densityof the samples was accomplished by hot
X stands for a picnogen atom such as P, As, or Sb. Binargressing in graphite dies under an argon atmosphere at
skutterudites crystallize in the body-centred cubic structur&s00 °C for 2 h and under a pressure of 660 kg/ém
in the space group Im3. It is an open crystalline structure  Structural and chemical characterisations of the samples
typified by the presence of two voids. This feature is the keywere realized through x-ray diffractiofXRD), neutron dif-
point for making skutterudite material with interesting ther- fraction and electron microprobe analySEPMA). All the
moelectric properties. Actually, by filling the voids with for- compositions reported in this article result from EPMA

eign species, one may modify both the electronic and latticeinalyses and were normalized to full occupancy of the cobalt
properties and enhance the thermoelectric performanées. site.

In this connection, the greatest efforts were conducted with |t was shown that the maximum filling fraction of
cobalt triantimonide. Several kinds of atoms were used to filica Co,Sh;, is at leastx=0.2 with the preparation method
the voids of the structure, including rare earth§alkaline  we developed. This value is only half of the maximum filling
earths* Sn*~*" or Tl elements?* High ZT values, com- fraction of the other alkaline earth filler atom barium, but is
consistent with that obtained for TI, La, Yb filler atoth.
aAuthor to whom correspondence should be addressed; electronic maittRD and EPMA revealed the single phase and chemically
matthieu.puyet@mines.inpl-nancy.fr homogeneous samples. Rietveld refinement performed on

II. EXPERIMENT
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FIG. 1. Temperature dependence of the Seebeck coefficih):  FIG. 3. Temperature dependence of the thermal conductivity (Af:
Co,Shyz 24P type, (@) CayosC0,Shi; 43, (M) CayodC0,Ship 45, and (#) C0,Shy, 4P type, (@) CayoC0,Shi; 43, (M) CayodC0,Shi, a5, and (¢)
Cay 2C0,Shy5 46- Cay ,C0,Sby5 46.

neutron data prg)ved that the calcium is located in the voidgs the Seebeck coefficient. The Ca atoms give electrons to
of the structuré. _ _ the structure and thus change the carrier concentration and its
Transport properties have been performed in the 300n5tyre. Under these circumstances, typical of doped semi-
800 K temperature range. All the samples were measured igonductors, we observe a weak decrease of magnitude of the
a direction perpendicular to the pressing direction except foSeepeck coefficient with the increase of calcium content.
thermal conductivity. Thermal conductivity was determinednevertheless, the values of S remain important in the whole
by measuring the thermal diffusivity by a laser flash tech-temperature range. These values of Seebeck coefficients are
nique, the specific heat by differential scanning calorimetrygimilar to those observed for Co$partially filled with Ce?
and the density by an immersion technique. The electrical 5 6 g324 and are presumably due to the large electron ef-
resistivity was measured by a four probes technique based Gactive masses. We estimated the electron effective mass in
the Van der Pauw method, whereas the Seebeck coefﬂme@t@COA‘Sb12 using a single parabolic band model with acous-

was determined using a standard metfod. tic phonon scattering. In this model, the Seebeck coefficient
a can be expressed as
IIl. RESULTS AND DISCUSSION k ( Fi(é) )
a=——|2 —&/, 1
Figure 1 shows the temperature dependences of the See- el Fo(é) ¢ @)

beck  coefficient for several (@0,Shy, samples X yheregis the reduced Fermi level arfe, is the Fermi inte-
=0,0.05,0.08,0.2). The binary compound Co®ippears 5| of orderx. Using the same formalism, the electron car-
type by this way of synthesis. The value of the Seebecki., -oncentratiom can be expressed as

coefficient becomes negative for all samples containing Ca . a2
between 300 and 800 K. Filling the voids of the structure n= i 2am*kT Fud€) %)
with Ca atoms provides the possibility of changing the sign \/; h? Yz s/

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

-5
o810 r ; perimental data using Eql) and were applied to Eq2),
SOM0TE together with the experimental Hall carrier concentration val-
€ 4.5:10°F § ues(measured at room temperatyréo calculate the effec-
%40“05; 7777777 ‘5.‘.‘”;‘“_“5 ______ 1 tive masses. Employing this simple model, the effective
£ E _qe0®?® ‘3 0¢:... ] masses obtained are comprised between 2 amg @, is
2 3~5*1°'5§‘—§4‘—fﬂ!&§f?“~-»--@-----»---1 --------- L the free electron masgor CaCo,Shy, compounds. These
%3.0“0-5;‘“‘:‘.“’;- ------ S —————— — \{alues_ are in goodlzagreggnent with those obtained for par-
£ st : 5 T ] tially filled Ce," La,™ Ba,”* CoSky compounds. The rela-
g 200 :“"‘0'63'3;;"3""""?""'“;lliﬁi tively large values ofn* are also consistent with band struc-
YT f;,’,?!uf‘,“..‘i ....... E ture calculations performed on @20,Sb;,.?°
1.510°5F “ , | j"”‘_ Figure 2 shows the temperature dependences of the elec-
300 400 500 600 700 800 trical resistivity for the same samples. Tipetype CoSh
Temperature (K) resistivity behavior is consistent with previously published

. . . . 8 73
FIG. 2. Temperature dependence of the electrical resistivity (&f) results for similar carrier concentratlopf3><101 cm = at

C0sSbip 24P type, (@) Cao:CO,Sbpss (M) CayoeC0;Shiogs, and (¢)  [00OM temperatuie’ The electrical resistivity of the three
Ca ,C0,Sby; 4. samples containing Ca is relatively high, with room tempera-
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0.5 ] I formance of these compounds being quite decent, they re-
f ! f ! . main less attractive than the Ba patrtially filled compounds in
97) SR SO SO NSRS SO the same range of temperatéfe-urther improvement may
| : : § o be forthcoming in these materials, particularly if the lattice
03l _________ o '33 thermal conductivity and the electrical resistivity can be fur-
C ; 5 L ther reduced.
N } : : e
o e
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