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We have investigated the influence of nickel doping in a series ofn-type CoSb3 skutterudite
materials partially filled with Ca. The electrical resistivity, thermopower, and thermal conductivity
have been measured in the 300–800 K temperature range on CayCo1−xNixSb12 compounds prepared
by a powder metallurgy route. The chemical composition and structure have been analyzed by
electron probe microanalyses and x-ray diffraction, respectively. It was found that the presence of
nickel substantially decreases the electrical resistivity without any detrimental effect on the
thermopower, resulting in an improvement of the power factor. The dimensionless thermoelectric
figure ZT increases with increasing temperature and reaches a maximum value of 1 at 800 K. ©
2005 American Institute of Physics. fDOI: 10.1063/1.1868083g

I. INTRODUCTION

During the last decade, many efforts have been made in
the search for innovative highly efficient thermoelectric ma-
terials. Several promising families have attracted much atten-
tion including semi-Heusler phases,1 skutterudites,2 lamellar
oxides,3 clathrates,4 and more recently the AgPbmSbTe2+m

system.5 Let us remember that the thermoelectric perfor-
mance of a material is characterized by its dimensionless
figure of merit,ZT=a2T/%l, where T,a, %, and l are the
absolute temperature, the thermopower, the electrical resis-
tivity, and the total thermal conductivitysequal to the sum of
the lattice,lL, and the electronic,lE, contributionsd, respec-
tively. Maximizing the thermopower coherently while mini-
mizing the electrical resistivity and the thermal conductivity
leads to highZT values and thus to high performance ther-
moelectric materials.

Skutterudite materials based on CoSb3 display exceed-
ingly rich manners of tuning the thermal or the electrical
properties in an independent way. The electric and thermal
transport of skutterudites can be significantly modified either
through partial or total filling of the open “cages” by differ-
ent atoms and/or via substitutions of constituent atoms of the
framework structure. Regarding this connection, a lot of
combinations have been investigated in the past few
years.2,6–19 Both n- and p-type skutterudite materials exhib-
iting ZT values exceeding those of the current standard ther-

moelectrics at moderated temperatures have been put
forward.6,17 Quite recently, Ca ions were identified as other
appropriate filler elements.20 At high temperatures, these par-
tially filled CayCo4Sb12 compounds exhibit high ther-
mopower values and a favorable thermal conductivity but,
unfortunately, to the detriment of an excessive electrical re-
sistivity. Consequently, the thermoelectric performance re-
mains moderated up to high temperaturessZT,0.45 at 800
Kd.21 In an effort to further reduce the electrical resistivity of
CayCo4Sb12 compounds, we have investigated the influence
of nickel doping on the cobalt sites. Previous results showed
that the addition of a small amount of nickel in both unfilled
and Ba-filled CoSb3 can be an effective means of optimizing
their thermoelectric properties.17,22 In this article, we provide
additional proof that a minute amount of Ni is beneficial to
improving thermoelectric performance in skutterudite com-
pounds. In the CayCo4−xNixSb12 compounds investigated, a
ZT value more than twice as high as in Ni-free compounds is
reached at 800 K.

II. EXPERIMENT

The CayCo4−xNixSb12 samples with nominaly=0.4 and
0øxø0.06 concentrations have been prepared by a solid-
state reaction method. Appropriate quantities of high-purity
Ca pelletss99.5%d, Sb shotss99.999%d, Co s99.998%d, and
Ni s99.995%d powders were loaded into a quartz ampoule.
The ampoule was sealed under a reducing He–H2 atmos-
phere and heated in a vertical furnace up to 1023 K for 84 h
with the heating rate fixed at 1 K/min. The grown ingot was
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then ground in an agate mortar into powderss,100 mmd that
were again annealed and powdered under the same condi-
tions. The resulting powders were pressed into pellets that
were annealed at 893 K for 84 h. These pellets were crushed
and powdered into 25µm grains. Final compaction was per-
formed in graphite dies by hot pressing in an argon
atmosphere at 873 K for 2 h under 51 MPa.

X-ray powder diffraction and electron microprobe analy-
sis sEPMAd data show that a homogeneous skutterudite
phase is obtained in all samples with a Ca-rich minor second
phase that was also present in the Ni-free samples.20 Table I
lists the nominal and actual chemical compositions of the
skutterudite compounds, the lattice parameters, and the rela-
tive densities.

For the transport properties measurements, all samples
were cut and analyzed in a direction perpendicular to the
pressing direction except for thermal conductivity measure-
ments. Thermal diffusivity was measured by a laser flash
technique in an argon atmosphere over the 300–800 K tem-
perature range. Four-probe electrical resistivity based on the
van der Pauw method and standard Seebeck measurements
were realized in the same temperature range.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the elec-
trical resistivity. As previously described,21 the nickel-free
skutterudite sample containing calcium exhibits a negative
temperature coefficient of the resistivity above room tem-
perature. In contrast, the Ni doping induces a “metallic” be-
havior together with substantial decrease of the value of the
resistivity. Such a behavior is characteristic of degenerated
conduction in heavily doped semiconductors in the extrinsic
region. The resistivity depression is particularly apparent at

room temperature where the resistivity is reduced by a factor
of 4–5. The reduced resistivity results not only from an in-
crease of the carrier concentration but, simultaneously, from
an increase of the Hall mobilityssee Table Id. Similar obser-
vations were also noted when Ni was substituted in the struc-
ture framework of CoSb3 and BayCo4Sb12.

17,22

Figure 2 displays the temperature dependence of the
thermopower. All samples possess negative thermopower
with a nearly linear increase in magnitude with temperature
and behavior that is consistent with degenerated electron
transport. We can note that although the carrier concentration
increasessTable Id, the thermopower remains composition
independentswithin ,10% errord below 800 K. Moreover,
the substitution of Co by Ni atoms has no detrimental effect
on the absolute values of the thermopower, suggesting, in a
first approximation, that the effective electron masses remain
high in Ni-doped compounds. With regard to the increase of
mobility in the Ni-doped samples, another possible factor
favoring high thermopower values could be a change in scat-
tering mechanisms as already demonstrated.17 The power
factorsa2/%, plotted for all the samples in Fig. 3, thus sig-
nificantly exceed that of the Ni-free Ca0.2Co4Sb12.46 over the
whole temperature range. For similar actual Ca content, the
higher power factor is reached for the lowest Ni-containing
sample sx=0.03d in the whole temperature range investi-
gated.

The total thermal conductivity of the compounds is re-
ported in Fig. 4. The studied skutterudites possess thermal
conductivities ranging between 4.5 and 5.7 W/mK at room
temperature which decrease down to 3.2–4.3 W/mK at 800
K. It was observed in Ba-filled skutterudites that the pres-
ence of Ni results in a suppression of the total thermal
conductivity.17 In this study with Ca, the situation is less

TABLE I. Nomimal and actual chemical compositions determined by EPMA, relative densities, lattice parameters deduced from x-ray diffraction data,Hall
mobilities smHd, and Hall carrier concentrationssnd at 300 K of the CaxCo4−yNySb12 samples.

Nominal
composition Actual composition

Relative
densitys%d

Lattice parameter
sÅd

mH

scm2/V sd
n

scm−3d

Ca0.4Co4Sb12 Ca0.2Co4Sb12.46 92 9.0498 7.2 2.831020

Ca0.4Co3.98Ni0.02Sb12 Ca0.15Co3.98Ni0.02Sb11.80 92 9.0484 20.1 3.131020

Ca0.4Co3.95Ni0.05Sb12 Ca0.18Co3.97Ni0.03Sb12.40 94 9.0488 24.5 4.431020

Ca0.4Co3.92Ni0.08Sb12 Ca0.18Co3.94Ni0.06Sb12.40 96 9.0489 18.7 5.331020

FIG. 1. Temperature dependence of the electrical resistivity of:s—
Ca0.2Co4Sb12.46, h—Ca0.15Co3.98Ni0.02Sb11.80, L—Ca0.18Co3.97Ni0.03Sb12.40,
and X—Ca0.18Co3.94Ni0.06Sb12.40.

FIG. 2. Temperature dependence of the thermopower of:s—
Ca0.2Co4Sb12.46, h—Ca0.15Co3.98Ni0.02Sb11.80, L—Ca0.18Co3.97Ni0.03Sb12.40,
and X—Ca0.18Co3.94Ni0.06Sb12.40.
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clear and it is difficult to conclude definitively about the role
of Ni because we were not able to ensure the reproducibility
of the filling fraction of Ca in all samples investigated. Now,
the presence of Ca has a dominant influence on the phonon
transport.23 Based on the Wiedemann–Franz law, we have
estimated the electronic contribution,lE, to the total thermal
conductivity sFig. 4d. The data at 300 K signify that, inde-
pendent of the chemical composition, the lattice contribution,
lL, to the thermal conductivity amounts to 4.3±0.2 W/mK,
whereas the electronic part increases from 0.3sx=0d to 1.5
sx=0.03d W/mK. On the other hand, the high-temperature
data at 800 K suggest higher scatter of the phononic part of
the thermal conductivity; the highestlL=2.5 W/mK is ob-
served forx=0.02, the lowestlL=1.7 W/mK for the most
electrically conductingx=0.03 sample. The lowered phonon
part of the thermal conductivity leads to the modified propor-
tions between the electronic and lattice parts. The signifi-
cance of the electronic contribution increases and, moreover,
in the most metallic sample Ca0.18Co3.97Ni0.03Sb12.40the elec-
tronic part dominates the thermal conductivity amounting to
lE=2.2 W/mK which represents 55% of the total thermal
conductivity.

Based on measured transport properties, we have calcu-
lated the dimensionless figure of merit,ZT, that is shown in
Fig. 5. For all samples,ZT increases monotonically with in-
creasing temperature. As a consequence of the large increase
of the power factor due to Ni doping, theZT values show a

spectacular improvement by more than 100% at 800 K for
Ca0.18Co3.97Ni0.03Sb12 in comparison to Ca0.2Co4Sb12.46,
making this compound an outstandingn-type skutterudite
material.

IV. CONCLUSION

In an effort to optimize the thermoelectric performance
of n-type CayCo4Sb12 skutterudite compounds, we have stud-
ied the effect of Ni doping. Polycrystalline CayCo4−xNixSb12

samples have been prepared and their transport properties
have been evaluated at temperatures between 300 and 800 K.
The obtained results have demonstrated the beneficial effects
of the presence of a small amount of Ni, and support the idea
that the doping with Ni in skutterudite materials is an effec-
tive way to enhance the dimensionless figure of merit. AZT
value of unity is reached at 800 K in the CayCo4−xNixSb12

series which represents an increase of more than 100% com-
pared to the Ni-free series.
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