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We have investigated the thermal and electrical properties of filled skutterudites belonging to the
series Ce;_.Yb.Fe,Sby, and Ce,Yb,,Fe, ,(Co/Ni),Sby,, as well as their potential for
thermoelectric power generation. In the first series, increasing the Yb fraction decreases the
resistivity and thermopower. These effects are related to the variations of valence of Yb with the Yb
fraction (from 2.2 in Yb, o,Fe,Sby, to 2.7 in CeggsYb osFesSb;,). The power factor is increased in
Ce40Ybg 53FesSby, while the thermal conductivity is reduced and this leads to an improved figure
of merit in this compound when compared to Ce 3sFe,Sby,. Co or Ni substitution was used to tune
the carrier concentration and improve the power factor: we measure a Z7=0.5 at 500 K in
Ceq 44 Ybg3oFe; oCog9gSby, and an extrapolation leads to Z7=0.95 at 800 K, which is close to
state-of-the-art Ce ,gFe; 5,Co, 43Sby, although the composition is far from being optimized. Double
filling happens to be a promising path to provide good thermoelectric performances. © 2005

American Institute of Physics. [DOI: 10.1063/1.1999854]

INTRODUCTION

The skutterudite family has been extensively studied in
the past few years because of its very promising properties
for high-temperature thermoelectric applications.l’2 The effi-
ciency of a thermoelectric material used for power genera-
tion or cooling applications is usually characterized by the
dimensionless thermoelectric figure of merit ZT defined as
ZT=0S*T/\N=0S>T/(\,+\;), where o, S, and \ are the elec-
trical conductivity, Seebeck coefficient or thermopower, and
total thermal conductivity, respectively. N\, and \; are the
electronic and lattice parts of the thermal conductivity. A,
and o are related by the Wiedemann-Franz law \,=L,To
valid for metals, with the Lorentz number Ly=2.44
X 107 W Q K=2. The energy conversion efficiency increases
when increasing ZT. Therefore, the requirements for an op-
timum thermoelectric material will be to conduct heat like a
glass (low \;) and the electrons like a crystal (high o) ren-
dering the phonon glass and electron crystal (PGEC)
concept.

Binary skutterudites crystallize in a body-centered-cubic
(bce) structure with space group Im3 (Ref. 4) and have a
general formula MX; (M=Co, Rh, or Ir and X=P, As, or Sb)
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(Ref. 5) with M occupying the 8¢ positions (5, 4.1) of the
40401

crystallographic structure and X the 24g positions (0,y,z).
They are small band-gap semiconductors with high ther-
mopower and high charge-carrier mobilities.” However, their
dimensionless figures of merit ZT remain too low for ther-
moelectric applications because of their high lattice thermal
conductivities (the room-temperature lattice thermal conduc-
tivity is about ten times higher in CoSb; than in state-of-the-
art Bi,Tes-based a110y86’7). An effective way to reduce the
lattice thermal conductivity of the skutterudites and to make
them viable for thermoelectric applications is to fill the large
icosahedral void in the 2a site (0, 0, 0) of the crystallo-
graphic structure with an electropositive element to form
filled skutterudites with general formula RM,X;, (R
=electropositive element, M =Fe, Ru, or Os). Many electrop-
ositive elements have been explored to optimize Z7, includ-
ing most of the rare earths,2 Ba,8 Tl,9 and Sn.'” The lattice
thermal conductivity of filled skutterudites is strongly re-
duced as compared to that of binary skutterudites.' This de-
crease originates from the possibility for the filler atom to
“rattle” around its equilibrium position in the oversized cage
and thus to effectively scatter the heat conducting phonons.11
Since CoSb; is a semiconductor, a simple electron count
shows that RM,X,, (M=Fe, Ru, or Os) should be metallic
with a divalent or trivalent filler atom. This is effectively

© 2005 American Institute of Physics
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observed'? and the thermopower is strongly reduced in
RM, X, (M=Fe, Ru, or Os): for instance, the room-
temperature thermopower is ~75 uV K~! in CeFe,Sb,,
(Ref. 12) as compared to ~230 wV K~! in nonintentionally
doped CoSb3.6 To restore the semiconducting behavior and
the high power factor (S’c- is maximum at around
10" carriers/cm?), it is necessary to reduce the carrier con-
centration [p] by substituting Co (3d”) or Ni (3d®) for Fe
(3d°) on the M site of the structure. However the R atom
filling rate decreases as the iron fraction decreases,'>'* which
leads to partially filled skutterudites with general formula
R .My .M Sb,, (Ref. 15) (y<1). The lattice thermal conduc-
tivity is strongly reduced in partially filled skutterudites as
compared to the fully filled ones, with a minimum close to
y~0.6.15 This is related to a scattering of the heat conduct-
ing phonons by mass fluctuations on the R site (due to mass
differences between the filler atom and a Vacancy).16 In state-
of-the-art skutterudites, a dimensionless figure of merit ZT'
=1.25 has been obtained at 900K for n-type
Ba0.3Ni0.05Co3.9SSb12,17 and ZT=1.1 has been obtained at
750 K for p-type Ceo.28C02_48FeLSZSb12.18 However, even in
this compounds the lattice thermal conductivity remains
quite high and could lead to further improvements. It has
been shown recently in R,Co,Sby, that multifilling is an ef-
fective approach to generate additional phonon scattering
and thus to decrease the lattice thermal conductivity.19 Fur-
thermore, this reduction is more pronounced when the va-
lence states of the two filler atoms are different.'

Recently, we have shown the possibility of mixing ce-
rium and ytterbium on the 2a site of the structure to form a
complete solid solution Cel_beyFe4Sb12,20 and of tuning the
carrier concentration by substituting Co or Ni for Fe to form
partially  filled skutterudites with general formula
Ce,,Yb,,Fe, (Co/Ni),Sb;,.”' We have shown that Ce is
always in a trivalent state, whereas Yb is in a mixed valence
state that depends on the Yb fraction.” This paper presents
the thermal and electrical transport properties of these series
from 4 to 800 K. The effect of double filling on the thermo-
electric properties is analyzed. Finally, the potential of
double-filled skutterudites with respect to the thermoelectric
performance as well as possible improvements are discussed.

EXPERIMENT

All samples described in this study were prepared by
standard arc melting on a water-cooled copper hearth under
Ar atmosphere and subsequent annealing as described in Ref.
22. For thermal and electrical conductivity measurements,
densification of the samples was achieved by uniaxial hot
pressing in graphite dies under an argon atmosphere to avoid
antimony losses at 600 °C and under a pressure of 50 MPa
for 2 h. For thermopower measurements, densification was
achieved by pressing at 300 °C under 400 MPa with a PO
Weber hot press tool model 10HS.

Structural and chemical characterizations of the samples
were performed by x-ray diffraction (XRD) and electron
probe microanalysis (EPMA) as described in Ref. 22. All the
compositions reported in this article are final compositions
measured by EPMA and normalized to full occupancy of the
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transition-metal site. The antimony fraction has been fixed to
full occupancy, as the observed deviation is not significant.
XRD and EPMA show that every sample is constituted by
one single skutterudite phase and faint amounts of Sb,
Fe,_.(Co/Ni),Sb,, and/or Ce;_.Yb,Sb,. All samples contain
more than 95% of the skutterudite phase. No broadening or
shift of the Bragg peaks can be observed, thus revealing
that the skutterudite phases are well crystallized and
homogeneous.

For electrical conductivity and thermopower, all samples
were measured in a direction perpendicular to the pressing
direction. Thermopower measurements were made on 10
X 2 X 1-mm? samples between 120 and 300 K using a home-
made apparatus with Chromel/AuFe or Chromel/Constantan
thermocouples, as described in Ref. 22, with a constant ther-
mal gradient AT=1 K. The measurements between 300 and
520 K were performed on another homemade system. While
the sample is kept at one temperature (7,) in a furnace, a hot
point (7},) comes shortly in contact with the sample. For each
temperature 7, we use several T), to get different gradients
AT (from 20 to 200 K). The thermopower is the slope at
each temperature of the linear dependence of AV vs AT.
Because of the use of two different experimental setups to
measure thermopower, a small mismatch between the data
taken at low temperature and those obtained at high tempera-
ture arises (see Fig. 5). The agreement between the two data
sets remains within 15% at room temperature and moreover,
we observed that the overall trend is preserved. Electrical
resistivity measurements were made on square-shape
samples (4 X4X0.5 mm?>) between 300 and 800 K using a
standard Van der Paw method and between 4 and 300 K
using a Quantum Design physical property measurement sys-
tem (PPMS) in ac mode. Hall-effect measurements were per-
formed on the same samples as electrical resistivity between
4 and 300 K and up to 7 T using a Quantum Design PPMS.
The Hall coefficient was deduced from the slope of the Hall
resistivity versus field curves, py(H). The carrier concentra-
tion (n or p) was calculated from the Hall coefficient Ry,
assuming a single-carrier model and a Hall factor of unity.
Hall mobility u; was obtained using uy=|1/pne| with p the
electrical resistivity. Above room temperature, thermal con-
ductivity was determined by measuring the thermal diffusiv-
ity on a 12-mm-diameter disc by a laser flash technique and
the specific heat by differential scanning calorimetry.
Thermal-conductivity measurements below room tempera-
ture were performed in a flow cryostat on rectangular paral-
lelopiped samples (length: about 1 cm and cross section:
about 2—3 mm?), which where kept cold by anchoring one
end of the sample onto a thick copper panel mounted on the
heat exchanger of the cryostat. The temperature difference
along the sample, established by electrical heating, was de-
termined by means of a differential thermocouple (Au
+0.07% Fe/Chromel). The measurement was performed un-
der high vacuum and three shields mounted around the
sample reduced the heat losses due to radiation at finite tem-
peratures. The innermost of these shields is kept on the tem-
perature of the sample via an extra heater powered by a
second temperature controller.
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FIG. 1. Temperature dependence of the electrical resistivity (top) and of the
thermopower (bottom) in Ce,_.Yb_Fe,Sb,.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the ther-
mopower (bottom) and of the electrical resistivity (top) for
three samples belonging to the series Ce;_, Yb Fe,Sby;. As
expected from a simple electron count, all samples appear p
type, as can be deduced from the positive values of the ther-
mopower. For all samples, the thermopower grows continu-
ously up to 520 K (limit of our measurement setup). For
samples with z=0 and z~ 1, its magnitude is consistent with
the results reported by Sales for CeFe,Sby, (Ref. 1) and by
Anno et al. for YbFe48b12.23 This last compound also exhib-
its a hump in S(7) around 50 K, which was previously ob-
served and was described as a Kondo coherence peak24 origi-
nating from the Yb 4f heavy electrons.” However, this
interpretation is questionable since we showed that the va-
lence of Yb is close to 2 (Ref. 20) and that paramagnetism is
dominated by the [Fe,Sb;,] subunit. More recently, this
50-K hump was also observed in S(7) for AFe,Sb;, with A
=divalent and nonmagnetic Ca, Sr, and Ba (Ref. 26) and
attributed to the saturation of the contribution from Fe 3d
spin fluctuations above a characteristic temperature T
~ 50 K. Although a phonon drag contribution cannot be for-
mally excluded, we agree with this last interpretation. Except
in the low-temperature part (under about 100 K) where mag-
netism contributes, the thermopower of the mixed compound
Ceg40Ybg 53Fe,Sby, lies between that of YbFe,Sb;, and
CeFe,Sby,. This result is consistent with Hall-effect mea-
surements reported in Table I, which shows that the concen-
tration of holes increases when the ytterbium fraction in-
creases. This behavior is related to the variation of the
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FIG. 2. Temperature dependence of the thermal conductivity in

Ce;_,Yb,Fe,Sby,.

valence of the rare earth; whereas Ce is always trivalent, the
Yb valence state decreases from 2.7 in Ce g5 Yby osFe,Sby, to
2.2 in Yb0'92F€4Sb12.20 The electrical resistivity increases
with increasing temperature for all samples belonging to the
Ce,_,Yb Fe,Sby, series as can be expected for semimetals.
The high temperature values measured for Yb 9,Fe,Sb;, and
Ce gsFesSby, are slightly lower than those reported in the
literature,””*® thus revealing a very good densification of our
samples. The resistivity of Ceg4oYbgs3Fe,Sb, lies between
that of Yb¢,Fe,Sby, and Ceg¢sFe Sby,, in agreement with
the dependence of the thermopower with substitution. The
hole mobility decreases with increasing carrier concentration
(see Table I), as it has been observed in the series
Yb,Fe,_,Ni,Sb;, (Ref. 23) where this behavior has been at-
tributed to an increase of the effective mass with increasing
carrier concentration,>’ However, this decrease of u does not
dominate the increase of [p] and the decrease in p.

Figure 2 shows the low-temperature dependence of the
thermal conductivity in the series Ce;_,Yb,Fe,Sb,. The ther-
mal conductivity of Yb,g,Fe,Sby, is higher than that of
Ce, gsFesSby,. This is related to an increase of the electronic
part of the thermal conductivity A, with increasing Yb frac-
tion. However, although the electrical resistivity of
Ceg40Ybg 53FesSby, is lower than that of CejgsFe,Sb,, its
thermal conductivity is lower, too. Therefore, the double fill-
ing of the cage with two filler atoms of different valence
states appears to be an effective path to reduce the
thermal conductivity, as was first shown by Chen in
(R-R’)},Coztsblz.19 The thermal conductivity is almost con-
stant from room temperature up to 825K in
Ce.40Ybg 53Fe4Sby, (not shown).

TABLE 1. Room-temperature thermopower S, electrical resistivity p, carrier concentration [p], carrier mobility

gy, and ZT values in Ce;_,Yb,Fe,Sby,. Thermal conductivity A at 150 K.

S P [r] M A
(uV K™ (Q cm) (em™) (ecm?V'ls)  (mWem ' K ZT
Cey gsFeySbys 78.1 483X 10°  1.0X 107! 11.5 311 0.12
Ceg.40Ybgs3FesSby, 73.4 388X 107°%  3.0x10%! 5.5 28.3 0.14
Yby goFe,Sbys 68.4 333X 10 5.0% 102! 35 405 0.10
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FIG. 3. Temperature dependence of the power factor (top) and of the di-
mensionless thermoelectric figure of merit (bottom) in Ce,_.Yb_Fe,Sb,,. ZT
data for Ceg4sFe,Sb,, and Yb, o,Fe,Sb;, have been extrapolated from low-
temperature thermal-conductivity measurements.

Figure 3 shows the temperature dependence of the power
factor S?o (top) and of the dimensionless thermoelectric fig-
ure of merit (bottom). ZT data for Ce,gsFe,Sby, and
Yb, o,Fe,Sb;, have been extrapolated from low-temperature
thermal-conductivity measurements. At 520 K, the power
factor is close in Ybgq,Fe,Sb;, and Ce(gsFe,Sby,: the elec-
trical resistivity is lower in the former one and the ther-
mopower is higher in the last one, thus resulting in similar
power factor. However, it is clearly enhanced in the double-
filled compound Ce4,Ybg 53Fe,Sb;,. Moreover, as can be
seen in Fig. 3, the figure of merit ZT is enhanced in
Ceg40Ybg 53Fe,Sby, by more than 20% as compared to
Ce(gsFesSby, and by more than 60% as compared to
Yb, o,Fe,Sby,. Therefore, double-filled skutterudites seems
to be of significant interest to improve the power generation
efficiency.

To reach higher ZT values, it is mandatory to tune the
charge-carrier concentration. This can be achieved by substi-
tuting Co or Ni for Fe on the metal site. Figure 4 shows
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FIG. 4. Room-temperature thermopower in the series
(Ce-Yb),Fe,_,(Co/Ni),Sb, vs equivalent cobalt fraction as described in
text. The dashed line is a guide for the eyes.
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FIG. 5. Temperature dependence of the electrical resistivity (top) and of the
thermopower (bottom) in Ce,,Yb,,Fe,_,(Co/Ni),Sb,.

the room-temperature thermopower in the series
(Ce—Yb),Fe,_,(Co/Ni),Sby, as a function of the equivalent
cobalt fraction defined in Ref. 14. It is considered from a
simple electron count that the substitution of one iron atom
by one nickel atom is equivalent to the substitution of two
iron atoms by two cobalt atoms. This enables us to directly
compare the results obtained for the Fe-Ni and the Fe—-Co
series. Figure 4 shows a crossover from p- to n-type conduc-
tivity for an equivalent cobalt fraction of about 3.5, which
can be easily explained by a simple carrier count: the Fe—Co
or Fe—Ni substitution reduces the holes’ concentration which
is eventually overcompensated by the electrons provided by
the filler atom(s) for rich Co or Ni skutterudites. This simple
count also explains the increase of S before the p-n transi-
tion. The thermopower reaches its highest absolute values
close to the p-n transition, and its magnitude very weakly
depends on the nature of the filler atom.

The thermal dependence of the thermopower and of the
electrical resistivity are shown in Fig. 5 for some samples
belonging to the series Ce,,Yb,,,Fe,_,(Co/Ni),Sby,. As can
be deduced from Fig. 4, iron-rich samples appear p type,
whereas cobalt-rich or nickel-rich samples appear n type.
Similar to the series Ce;_,Yb Fe,Sby,, the absolute value of
the thermopower grows continuously up to 520 K and no
evidence of a maximum can be observed, except for
Ce.05Ybg 1oFes gsNij 9oSb, whose thermopower decreases at
high temperature. The latter is probably related to the semi-
conducting nature of this compound (see top of Fig. 5). All
the other samples are semimetals with low resistivity values,
which increase with increasing temperature. These values are
similar to those reported in the literature for skutterudites
with similar cobalt or iron fraction [see, for example (Refs.
23 and 29)].

Figure 6 shows the low-temperature dependence of the
thermal conductivity. The thermal conductivity first de-
creases when substituting cobalt or nickel for iron to form
partially filled skutterudites, and then increases when the
rare-earth concentration further decreases. This behavior is
consistent with the “mass fluctuation scattering” model pro-
posed by Meisner et al.,” which showed that the minimum
thermal conductivity in Ce,Fe,_,Co,Sb, occurs for y~2/3.
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FIG. 6. Temperature dependence of the thermal conductivity in

Ce,/,Yb,,Fe,_,(Co/Ni),Sb,.

The thermal conductivity is almost constant from room tem-
perature up to 825 K in Ceg44Ybg3:Fe; 10C0g9gSby, (not
shown).

The temperature dependences of the power factor S’o
and of the thermoelectric figure of merit are shown in Fig. 7.
Whereas the power factor and ZT are similar in p-type
Ceo.44Ybg 30Fe3 02C00 9gSb1, and Ceg 3, Yy 36Fes 35Nig 655b12,
with similar equivalent cobalt fraction, this is not
the case in n-type CepsYbg oFes osNij9,Sb,  and
Cep 05 Ybg osFeg 14C03 36Sby,. They are strongly degraded in
the Ni-based n-type skutterudite. While the hole concentra-
tion and mobility are similar in iron-rich Ni-based and Co-
based skutterudites, the electron concentration and mobility
are very different in iron-poor skutterudites (see Table II).
Especially, the mobility is strongly decreased in the Ni-rich
skutterudite as compared to the Co-rich ones. Several mecha-
nisms could explain this behavior. This decrease could be
related to the theoretical calculations performed by Lassalle
etal®® on Fe,Ni,Sb,,, which shows that the disorder induced
by the random distribution of iron and nickel atoms has a
strong effect on the position and charge of antimony atoms,
and therefore on the band structure and on the effective
mass. This could also be related to the huge structural disor-
der induced by the substitution of iron by nickel; whereas
less than 4% of the cobalt atoms are substituted by iron in
Ce05Ybg osFe0.14C03 g6Sb 15, almost 50% of the iron atoms
are substituted by nickel in Ce o5 Ybg ;oFe; 0gNij 9oSby,. Nev-
ertheless, it appears in our case that cobalt substitutions are
more relevant than nickel substitutions to achieve good ther-
moelectric properties. The best figure of merit is observed in
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FIG. 7. Temperature dependence of the power factor (top) and of the ther-
moelectric figure of merit (bottom) in Ce,,Yb,,Fe,_(Co/Ni),Sby,. ZT
data  for Ce3;YDbg36Fe;30Nig6sSbia,  Cegos5YboosFeq14C03865b12,  and
Ce 5 Yby 1oFe, ogNij 9,Sb;, have been extrapolated from low-temperature
thermal-conductivity measurements.

Ceg 44 Ybg30Fes oCog9gSby, with ZT=0.55 at 525 K. How-
ever, one must keep in mind that this composition has not
been optimized and that important enhancements are cer-
tainly possible with higher cobalt fractions.

Figure 8 shows the figure of merit of
Ce(.44Ybg 30Fe; 1,C0og 9gSby, up to 800 K. Thermopower has
been extrapolated above 550 K in this compound by assum-
ing rates of variation similar to what Tang et al. found be-
tween 500 and 800 K in CeFe,_,Co,Sb, with a similar co-
balt fraction (x=1.02):"® +0.15 wV K2 from 500 to 700 K
and —0.08 uV K2 above 700 K. This assumption is reason-
able because we have observed in literature that the high-
temperature thermal variations of thermopower in
(Ce or Yb),Fe,_(Co or Ni),Sb;, compounds depend mainly
on the cobalt or nickel fraction.'®* We have also plotted the
figure of merit of Cej74Fe;93C0; 2Sb;, (same cobalt frac-
tion) and Ce ,3Fe, 5,C0, 43Sb, (state of the art) published by
Tang et al."® for comparison. For a similar cobalt fraction,
the figure of merit is strongly enhanced in the double-filled
skutterudite: it increases from Z7=0.4 at 700 K in
Ceg74Fe, 9gCo1 pSby,  to ZT=0.85 at 700K in
Ceg44Ybg3oFes 0C0g9gSb,. The latter exhibits a figure of
merit very close to that of  state-of-the-art
Ce,gFe| 5C0, 43Sby,, although the composition has not
been optimized. From this result, high ZT values are ex-
pected in double-filled skutterudites, probably significantly
higher than ZT=1.

TABLE II. Room-temperature thermopower S, electrical resistivity p, carrier concentration [p] or [n], carrier
mobility puy, and ZT values in Ce,,,Yb,,Fe,_,(Co/Ni),Sb,,. Thermal conductivity A at 150 K.

N p [n/p] ey A
(wV K™ (Qcm) (cm™) (cm?V~'s™) (mWem™ 'K ZT
Ceg 44Ybg 3Fe; 0C000gSb,  103.7 754 X100 2.4 %10 3.5 245 0.19
Ceg 32 Ybg 3Fe; 1oNig 6sSb 2 97.7 691X 10°  3.0x 10 3 25 0.17
CegsYboosFep14Co356Sb1,  —168.1  1480X 1070 1.7X10% 27 40.5 0.14
CeosYbo 1oFes 0sNij 9oSbs  —81.4  3820X 1070 6.0X 10% 3 435 0.01
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FIG. 8. Temperature dependence of ZT in Ce 44, Yby 3,Fe3 1,C0; 9gSby,. Ther-
mopower has been extrapolated above 550 K.

CONCLUSION

We have studied the thermoelectric properties of skut-
terudites belonging to the series Ce,,Yb,,Fe, (Co/
Ni),Sb,,, where Ce is trivalent, whereas the Yb valence de-
creases when the YD fraction increases. The power factor and
the thermoelectric figure of merit are clearly enhanced in
Ceg40Ybg53Fe,Sby, as compared to CeggsFesSby, and
Yb o,Fe,Sby,. The carrier concentration can be tuned by
substituting Co or Ni on the Fe site, which also diminishes
the thermal conductivity. It has been shown that the cobalt
substitution is more effective than the nickel substitution to
achieve high power factor or figure of merit in n-type
samples. ZT=0.5 has been observed at 500K in
Ce44Ybg3oFe; oCoy0gSby, and an extrapolation leads to
ZT=0.95 at 800 K, which is close to state-of-the-art
Ceg ,3Fe 5,C0, 4¢Sby, although the composition is far from
being optimized. Therefore, double-filled Ce+Yb skutteru-
dites appear to be very promising with respect to thermoelec-
tricity, and ZT values significantly above unity could possi-
bly be reached.
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