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a b s t r a c t

This study reports the synthesis and characterization of polycrystalline indium-filled InxRh4Sb12

(0 ≤ x ≤ 0.2) skutterudites. The structural response to indium filling was monitored by whole pattern
fitting of the powder X-ray diffraction data. Indium occupation of the oversized void-sites was verified
by its unusually large thermal displacement parameter. The indium solubility limit approached 0.15. The
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principal thermoelectric properties were measured from 300 to 600 K. All samples are semiconducting.
Indium void-site occupation reduced the lattice thermal conductivity of In0.15Rh4Sb12 30% at 300 K; how-
ever, the effect was subverted at elevated temperatures due to a coincident increase in bipolar thermal
diffusion. The high-temperature thermoelectric figure of merits (ZT’s) are low compared to the isostruc-
tural indium-filled InxCo4Sb12 skutterudites due to a striking sign change in the Seebeck coefficients at

therm
ransition metal alloys and compounds
hermoelectric materials

400 K and relatively high

. Introduction

Skutterudites are particularly promising candidates for
dvanced thermoelectric materials and are the focus of lasting
nterest due to their highly tunable transport properties. Steadfast
esearch has produced many skutterudites with reasonably high
hermoelectric figure of merits (ZT’s):

T = TS2�

�L + �e
(1)

here T is the absolute temperature, S is the Seebeck coefficient,
is the electrical conductivity, and �L and �e correspond to the

attice and electronic components of the total thermal conductivity
�L + �e).

The binary skutterudite is a naturally occurring cobalt arsenide
ineral containing 32 atoms per unit cell with a body-centered

ubic crystal structure. A myriad of binary, ternary, and quater-
ary skutterudites have been synthesized from groups 8, 9, and
0 transition metal cations and from a number of chalcogen, pnic-
ogen, and group 14 semimetal anions [1]. Substantial overlap
nd minor electronegativity differences between the cation and
nion produces a highly covalent structure with exceptional car-

ier mobilities and relatively high intrinsic electrical conductivity
1,2].

In addition, skutterudites possess an open cage-like architecture
ith two icosahedral void-sites per unit cell. The void-site frame-
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al conductivities.
© 2011 Elsevier B.V. All rights reserved.

work is comprised of antimony cages formed from a network of
tilted cobalt arsenide octahedra. The void-site antimony cages can
be filled with a variety of elements ranging from the alkalis, alka-
line earths, and rare earths, to a number of poor metals including
indium (Fig. 1a and b) [2–5]. Due to the large cage size, the filler
atoms are weakly bonded, rattle (as evinced by their large thermal
displacement parameters), and suppress thermal transport [1,2].
Moreover, the filler atom often contributes to the charge carrier
concentration. Therefore, the ZT can be enhanced by both decreas-
ing the lattice thermal conductivity and increasing the electrical
conductivity [2].

Although much progress has been achieved in optimizing the ZT
of unfilled skutterudites through transition metal and pnictogen-
site doping, alloying, and nanostructuring; the most consistently
effective strategy for achieving the highest ZT in skutterudites is
through void-site filling. Its effectiveness is readily apparent in
the indium-filled InxCo4Sb12 skutterudites, where the ZT can be
increased nearly 10 fold [3,5]. Indium suppresses the lattice ther-
mal conductivity substantially while also donating sufficient 5p
electron density to facilitate degenerate electrical conductivity [4].

As in the InxCo4Sb12 skutterudites, the association between
void-site substitution and lattice thermal conductivity reduction is
well-known; however, the exact mechanism that causes the reduc-
tion has not been universally accepted. Guest–host quasi-harmonic
coupling and filler-induced avoided crossing of phonon modes are

likely explanations [6,7]. However, the theory first proposed by
Slack [8], in which vibrating rattler atoms truncate phonon path
lengths by resonant scattering, remains a persistent and conceptu-
ally attractive model [9].Enhanced suppression of lattice thermal
conductivity has been linked to greater rattler displacement caused

dx.doi.org/10.1016/j.jallcom.2011.03.057
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. The crystal structure of InxRh4Sb12 showing (a) the cubic sublattice formed by Rh atoms (blue), the planar four-membered rings (green) connected by Sb4 atoms
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yellow) along the (1 0 0), (0 1 0), and (0 0 1) crystallographic directions, and the int
nterstitial void as an icosahedral cage (red) formed by 12 Sb atoms with In (red) “r
blue) are shown in the centers of tilted RhSb6 octahedra. (For interpretation of the
rticle.)

y filler atom radius contraction or antimony cage expansion.
10,11]. Therefore, indium-filled InxRh4Sb12 may exhibit an even
reater suppression compared to InxCo4Sb12 due to a 7% larger void
adius in the Rh4Sb12 structure.

The Rh4Sb12 skutterudite is a hole dominated semiconductor
ith strongly covalent rhodium antimony bonds. Strong covalency
roduces exceptional charge carrier mobility and high lattice ther-
al conductivity. Indium void-site occupation will likely reduce

he lattice thermal conductivity, while modestly affecting carrier
ransport due to poor overlap. Though rhodium is an expensive
lement, the Rh4Sb12 skutterudite is an ideal candidate for study-
ng the interplay between void-site filling and thermal conductivity

eduction.

Lanthanum, ytterbium, and iodine filled Rh4Sb12 skutterudites
ave been reported, though these studies fail to report thermo-
lectric data at elevated temperatures – the temperature region

Fig. 2. XRD patterns of InxRh4Sb12 (0 ≤ x ≤ 0.2) samples after uniaxial HPS.
al voids (turquoise cubes) with In fillers (red); (b) alternative representation of the
” inside. The Sb atoms (end of each yellow bond) are omitted for clarity. Rh atoms

ences to color in this figure legend, the reader is referred to the web version of the

where an understanding of thermal conductivity in skutterudites
is most crucial [12–14]. However, this study systematically exam-
ines the effect of indium filling on all of the principal thermoelectric
properties of InxRh4Sb12 at elevated temperatures, with the aim of
assisting current theories of thermal transport in filled skutteru-
dites.

2. Materials and methods

Polycrystalline samples of InxRh4Sb12 (0 ≤ x ≤ 0.2) were prepared by standard
solid-state reaction. The elements In powder (99.999% Aldrich), Rh powder (99.5%
Aldrich), and Sb powder (99.5% Strem) were thoroughly mixed in air in an agate mor-
tar. The powders were loaded into alumina crucibles and reacted in a tube furnace
at 610 ◦C for 10 h and 675 ◦C for 36 h under a constant flow of antimony vapor and

95%/5% N2/H2 gas. The furnace cooled samples were ground and loaded into a 12 mm
graphite die and sintered in a uniaxial hot press at 600 ◦C for 60 min with a pressure
of 200 MPa under a dynamic vacuum. The resultant uniaxial hot press sintered (HPS)
pellets attained greater than 90% the theoretical density. For comparison, a second
set of Rh4Sb12 and In0.1Rh4Sb12 samples were synthesized as above; however, these
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Fig. 3. Cubic cell edge a vs nominal In content x in InxRh4Sb12. Error in the cubic cell
edge measurements is 0.001 Å.
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ig. 4. Observed (open circles) and calculated (solid line) X-ray powder diffrac-
ion profiles of the In0.1Rh4Sb12 HPS sample. The vertical bars indicate the expected
eflection positions. The difference curve of (Iobs − Icalc) is shown at the bottom.

amples were light-pressed at room temperature into 8 mm diameter pellets and
onventionally sintered at 675 ◦C for 6 h under a constant flow of 95%/5% N2/H2 gas.

he resulting standard furnace sintered (SFS) pellets were approximately 60% the
heoretical density.

Phase analysis of powder samples was performed by X-ray diffraction using a
igaku MiniFlex II diffractometer with Cu K� radiation and a graphite monochro-
ator for the diffracted beam. Structural characterization of the In0.1Rh4Sb12 HPS

ig. 5. Microstructure of Rh4Sb12 and In0.1Rh4Sb12 SFS (a and b) and HPS (c and d) samp
etween the SFS and HPS samples, and the differences in particle connectivity between t
ompounds 509 (2011) 6289–6295 6291

sample was carried out using data from a Rigaku D/MAX Ultima IV diffractometer
with Cu K� radiation and a graphite monochromator for the diffracted beam. A soller
slit of 0.5◦ was used for the incident beam to reduce the axial divergence and the
specimen was scanned at a step size of 0.01◦ and a speed of 14s per step over a 2�
range of 10–120◦ . Lattice parameters were calculated by LeBail fit with Si powder
as an internal standard. The crystal structure of the In0.1Rh4Sb12 HPS sample was
refined by the Rietveld method using GSAS software suite [15,16]. The microstruc-
ture of the sintered samples was examined on a Quanta 600F FEG scanning electron
microscope (SEM).

The principal thermoelectric properties; the Seebeck coefficient, electrical resis-
tivity (� = 1/�), and total thermal conductivity (�T) were measured from 300 to 600 K.
The Seebeck coefficient and electrical resistivity data was collected on an ULVAC-
RIKO ZEM-3 under a helium atmosphere. Thermal diffusivity (˛) was measured on a
Netzsch LFA 457 Micro Flash under flowing N2 and specific heat (cp) was measured
on a Mettler Toledo 821e Differential Scanning Calorimeter with an alumina cali-
bration standard under flowing N2. Thermal conductivity was determined from the
relation �T = cp˛d, where d is the sample bulk density.

3. Results and discussion

3.1. Crystal structure and microstructure

Powder X-ray diffraction patterns reveal that all the InxRh4Sb12
(x ≤ 0.2) compositions crystallize in a body-centered cubic struc-
ture with space group Im3̄. Trace InSb and antimony impurity
phases were detected in all samples with indium content of x ≥ 0.1.
However, all samples with indium content of x ≤ 0.15 became pure
phase when subjected to uniaxial hot press sintering (Fig. 2). A trace
tified clearly in the diffraction pattern under magnification. Lattice
variation with filling fraction indicates a solubility limit of indium
close to x = 0.15 (Fig. 3). It is likely that the x > 0.15 phases are not
thermodynamically stable, and are mixtures of phases with lower

les. Scale bar is the same for all the images. Note the large differences in porosity
he SFS samples due to the secondary InSb impurity phase.
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Table 1
Rietveld refinement of HPS In0.1Rh4Sb12 showing large Uiso for the indium filler.

Atoms Wyckoff
positions

x y z Uiso (Å2)

Rh 8c 0.25 0.25 0.25 0.0016(7)
Sb 24g 0 0.3393(1) 0.1540(1) 0.0034(5)
In 2a 0 0 0 0.026(8)

Sb–Sb (Å) Sb–Rh (Å), 6× Sb–In (Å) Rh–Rh (Å) Sb–Rh–Sb (◦) Rh–Sb–Rh (◦)

2.846(1)
2.6077(2) 3.4424(5) 4.6187(2) 94.98(2) 124.65(2)

2.968(1)

F
s
S
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ndium content and InSb impurity; which may explain the slight
ownturn in lattice parameter for the nominal x = 0.2 sample.

The maximum indium solubility was less than the 0.22 reported
or indium-filled InxCo4Sb12 prepared by a similar synthesis tech-
ique [3]. Bauer et al. [13] also observed a decrease in the
tterbium solubility with an increase in transition metal size in
he ytterbium-filled cobalt, rhodium, and iridium antimonide skut-
erudites. Lattice parameter expansion upon indium substitution
as slightly smaller than the indium-filled InxCo4Sb12 skutteru-
ites due to the 7% larger void radius in the parent Rh4Sb12 structure
1,3].

Rietveld refinement of the crystal structure was performed
n the In0.1Rh4Sb12 HPS sample using powder XRD data (Fig. 4).
he refined crystallographic parameters are listed in Table 1. The
attice parameter (a) was determined to be 9.2375(1) Å, slightly
arger than the unfilled Rh4Sb12 structure. Indium occupation of
he void-site was confirmed by its extremely large isotropic ther-

al displacement parameter (Uiso) as compared to Rh and Sb. In
ddition, Rh was found to exhibit less thermal motion around its
quilibrium position as compared to Sb, which is consistent with
ther skutterudite systems. Attempts of refining the structure, by

ither including antimony or excluding indium from the void-site
2A), were not successful; nevertheless, it is probable that a small
mount of indium substitutes onto the Rh site (8c). Synchrotron X-
ay and neutron diffraction studies would prove useful in providing
urther insight into this possibility.

ig. 6. Temperature dependent resistivity and Seebeck coefficient data (a and c) of InxRh
ymbols) samples is shown (b and d). The SFS samples are more resistive than the HPS sa
eebeck coefficients.
Note: The refined cell edge a = 9.2375(1)Å. The goodness of fit and R factors are
�2 = 1.46, wRp = 10.81% and Rp = 7.16%, respectively, over a 2� range of 10–120◦ . The
occupancy of In was refined to be 0.10(2).

Electron Dispersive Spectroscopy (EDS) analysis of the sample
compositions did not indicate a large deviation from the nominal
values. SEM revealed little difference when comparing the Rh4Sb12
and In0.1Rh4Sb12 HPS samples. However, further analysis of the
Rh4Sb12 and In0.1Rh4Sb12 SFS samples revealed a notable difference
in particle connectivity and porosity between both the filled and

unfilled SFS samples between the SFS and, HPS samples (Fig. 5). The
secondary InSb-impurity phase present in all of the In0.1Rh4Sb12
samples likely forms a eutectic at the primary phase surface, and
during standard furnace sintering promotes greater particle con-

4Sb12 HPS samples. A comparison of InxRh4Sb12 HPS (filled symbols) and SFS (open
mples due to their higher porosity; however, little difference is observed between
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ectivity – significantly altering electronic and thermal transport
Fig. 5a and b). However, uniaxial hot press sintering produces
o microstructural variation owing to the speed and efficacy of
ressure assisted sintering (Fig. 5c and d). Therefore, the observed
rends in electronic and thermal transport of the HPS samples can
e attributed solely to modification of the crystal structure, namely

ndium substitution, while trends in the transport properties of the
FS samples are distorted by differences in sample microstructure.

.2. Electrical properties

Temperature dependent electrical resistivity data (� = 1/�) of
he InxRh4Sb12 HPS samples, and a comparison between the SFS
nd HPS samples are shown (Fig. 6a and b). All samples are
emiconducting, consistent with the ytterbium-filled YbxRh4Sb12
kutterudites [13]. The indium contribution to the charge carrier
oncentration is small compared to the degenerate indium-filled
nxCo4Sb12 skutterudites, due to the larger void-site radius of the
h4Sb12 system [3,5]. The indium-filled InxRh4Sb12 HPS samples
re slightly more resistive due to an impurity scattering mecha-
ism activated by indium void-site substitution. Lattice expansion

s expected to increase electrical conductivity in the skutterudite
tructure [17]. In contrast, the SFS samples exhibit the opposite
rend; where the effect of the impurity scattering mechanism is
oncealed by the InSb modified microstructure, as discussed in

ection 3.1.

The temperature dependence of the Seebeck coefficients is
hown (Fig. 6c and d). The pure Rh4Sb12 samples show posi-
ive (∼100 �v/K) Seebeck coefficients over the entire temperature
ange. Conversely, the Seebeck coefficients of the indium-filled
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ig. 7. Temperature dependent total and lattice thermal conductivity data (a and c) of th
iffusion. A comparison of InxRh4Sb12 HPS (filled symbols) and SFS (open symbols) samp
hermal conductivity of both filled and unfilled samples.
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samples are negative at room temperature, they become increas-
ingly positive at elevated temperatures, and nearly approach the
value of unfilled Rh4Sb12 at 600 K. The observed sign and temper-
ature dependence of the Seebeck coefficients indicates the evident
dominance of indium donated n-type carriers at low temperatures,
followed by their near depletion at elevated temperatures. There is
minor dissimilarity between the HPS and SFS Seebeck coefficients
(Fig. 6d)

3.3. Thermal conductivity

Temperature dependent thermal conductivity data of the HPS
samples and a comparison between SFS and HPS samples is shown
(Fig. 7a and b). Lattice thermal conductivities were calculated from
�L = �T − �e, and estimations of the electronic thermal conductiv-
ities were given by the Wiedemann–Franz law, �e = L�T, where a
Lorentz number (L) of 2.00 × 10−8 V2 K−2, (consistent with other
filled MxRh4Sb12 skutterudites), was used [13,18,19]. The thermal
conductivities of the SFS samples are considerably lower than the
HPS samples due to the 30–38% greater porosity of the former;
moreover, the order of the filled and unfilled SFS and HPS sam-
ples is revered (Fig. 7b). The indium-filled In0.1Rh4Sb12 SFS sample
possessed a thermal conductivity that was higher than the unfilled
Rh4Sb12 SFS sample over the entire temperature range. The reversal
is due to the InSb modified microstructure as discussed in Sections

3.1 and 3.2. This finding underscores the importance of microstruc-
tural analysis when evaluating trends in thermal transport.

Indium void-site occupation reduces the thermal conductivity
of the In0.15Rh4Sb12 sample 30% at room temperature. However,
while the Rh4Sb12 sample showed standard inverse temperature
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e InxRh4Sb12 HPS samples. The indium-containing samples exhibit bipolar thermal
les is shown (b and c). Greater porosity in the SFS samples causes a decrease in the
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ependence, the thermal conductivity of the indium-filled samples
ncreased at about 400 K. Indium void-site occupation produced
irtually no reduction in thermal conductivity at elevated tem-
eratures. The observed behavior of the indium-filled samples

s attributed to a reduction in lattice thermal conductivity by
he indium filler, as observed at 300 K, and a coincident increase
n bipolar thermal diffusion (�BP) at higher temperatures. Bipo-
ar thermal diffusion has been reported in intrinsic and lightly
oped small band-gap semiconductors, and occurs when there is
n appreciable contribution to the total electrical conductivity by
oth charge carriers [20,21]. It is related to the partial electrical
onductivities (�1,2) and Seebeck coefficients (S1,2) by the follow-
ng:

BP = �2 × �2

�2 + �2
(S2 − S1)2T and �1,2 = n1,2e�1,2 (2)

here �1,2 are the partial electrical conductivities; and n1,2, e, and
1,2 are the individual carrier concentration, charge, and mobility

espectively. Estimation of the total electronic thermal conductivity
sing the Wiedemann–Franz law and static Lorenz number ignores
his contribution to the total electronic thermal conductivity, which
s better represented by the following:

e = �e,1 + �e,2 + �BP (3)

here �e,1,2 are the partial electronic thermal conductivities of the
ndividual charge carriers.

Bipolar thermal diffusion is not observed in the indium-filled
amples at lower temperatures (Fig. 7c). At 300 K the total electrical
onductivity of the indium-filled samples is dominated by n-type
harge carriers donated by indium. The sign and magnitude of the
eebeck coefficients indicate this region is far from intrinsic. There-
ore, an appreciable bipolar thermal diffusion contribution is likely
rohibited. However, as the indium band is progressively depleted
t elevated temperatures there is a relative increase in intrinsic
lectrical conductivity, and a concomitant increase in bipolar ther-
al diffusion.
Conversely, the unfilled Rh4Sb12 sample exhibited no bipo-

ar thermal diffusion over the entire temperature range. Studies
ave reported a vast disparity between hole and electron mobility,
× 103 and 70 cm2V−1 s−1 respectively, in unfilled Co4Sb12 [22].
ingle-crystal studies have reported an even larger hole mobil-
ty (8 × 103 cm2 V−1 s−1) in unfilled Rh4Sb12 [23]. In contrast, the
ole and electron mobility ratios in intrinsic Bi2Te3 and Si, both
nown to show appreciable bipolar thermal diffusion, are one to
wo orders of magnitude less than the skutterudites [21,24,25].
herefore, it is likely that a vast disparity in hole and electron mobil-
ty in completely intrinsic Rh4Sb12 prohibits appreciable bipolar
hermal diffusion as only one charge carrier (holes) likely domi-
ates the electrical conductivity (Eq. (1)) [26].

These complexities do not totally prohibit evaluating the effi-
acy of indium filling. As contended in this section, bipolar thermal
iffusion is negligible at 300 K in all samples. The observed lattice
hermal conductivity reduction of the In0.15Rh4Sb12 sample in this
egion is 30%. Therefore, as compared to indium-filled InxCo4Sb12,
ndium filling is only moderately effective at reducing the lattice
hermal conductivity in InxRh4Sb12, contrary to what has been pre-
icted.

The ZT of the unfilled Rh4Sb12 HPS sample was higher than the
ndium-filled HPS samples. Indium substitution into the icosahe-

ral void-site had a particularly deleterious effect on the Seebeck
oefficients, and had little effect on the total thermal conductivities
t elevated temperatures. The standard sintered samples exhibited
low ZT due to the high electrical resistivity that resulted from

heir high total porosity.
T (K)

Fig. 8. Temperature dependence of ZT of (a) HPS samples InxRh4Sb12 and (b) HPS
(filled symbols) and SFS (open symbols) sintered samples.

4. Conclusion

Polycrystalline samples of InxRh4Sb12 were synthesized with a
maximum solubility limit close to 0.15. Indium insertion into the
icosahedral void-site was confirmed by Rietveld analysis. The ther-
moelectric properties were measured from 300 to 600 K. Despite
the occurrence of bipolar thermal diffusion in the indium-filled
samples, it was determined that indium substitution into the icosa-
hedral void-site only has a moderate effect on the lattice thermal
conductivity. This finding is in contrast to what has been predicted
for void-site-filled Rh4Sb12 and may facilitate a greater under-
standing of the mechanism responsible for the reduction of lattice
thermal conductivity in the indium-filled skutterudite systems
Fig. 8.
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