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High-performance n-type YbxCo4Sb12: from partially
filled skutterudites towards composite thermoelectrics

Shanyu Wang1, James R Salvador2, Jiong Yang1, Ping Wei1, Bo Duan1 and Jihui Yang1

The filling fraction limit (FFL) of skutterudites, that is, the complex balance of formation enthalpies among different species, is

an intricate but crucial parameter for achieving high thermoelectric performance. In this work, we synthesized a series of

YbxCo4Sb12 samples with x=0.2–0.6 and systemically studied the FFL of Yb, which is still debated even though this system has

been extensively investigated for decades. Our combined experimental efforts of X-ray diffraction, microstructural and

quantitative compositional analyses clearly reveal a Yb FFL of ~0.29 in CoSb3, which is consistent with previous theoretical

calculations. The excess Yb in samples with x40.35 mainly form metallic YbSb2 precipitates, significantly raising the Fermi

level and thus increasing the electrical conductivity and decreasing the Seebeck coefficient. This result is further corroborated

by the numerical calculations based on the Bergman’s composite theory, which accurately reproduces the transport properties of

the x40.35 samples based on nominal Yb0.35Co4Sb12 and YbSb2 composites. A maximum ZT of 1.5 at 850 K is achieved for

Yb0.3Co4Sb12, which is the highest value for a single-element-filled CoSb3. The high ZT originates from the high-power factor

(in excess of 50 μW cm-K−2) and low lattice thermal conductivity (well below 1.0 Wm-K−1). More importantly, the large average

ZTs, for example, ~ 1.05 for 300–850 K and ~1.27 for 500–850 K, are comparable to the best values for n-type skutterudites.

The high thermoelectric and thermomechanical performances and the relatively low air and moisture sensitivities of Yb make

Yb-filled CoSb3, a promising candidate for large-scale power generation applications.
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INTRODUCTION

Waste heat recovery from vehicle exhaust or industrial processes based
on thermoelectric (TE) technology is an important component of
clean and renewable energy for a sustainable future.1–3 However, the
low efficiency of current TE materials along with the complexities
and difficulties in system-level engineering still largely prohibit the
widespread applications of this technology.3,4 Skutterudite antimonide
is one of the most promising candidates for intermediate temperature
TE power generation (500–900 K) owing to the availability of both
high-performance n- and p-type compositions within this material
class with excellent thermomechanical properties and relatively
low-cost and abundant constituent elements (compared with the
state-of-the-art Bi2Te3 and PbTe).4–9 Guest filling in the
structural nanovoids to form the so-called filled skutterudites (i.e.,
Ry(Co,Fe)4Sb12, where R represents the filler and y the filling fraction)
is the best strategy for enhancing the TE figure of merit ZT as the
fillers both act to control carrier concentration and significantly
suppress the propagation of heat-carrying phonons.6,7 Many elements
can be partially filled in CoSb3, such as alkali, alkaline earth, rare earth,
and group IIIA elements.10 Among these elements, Yb is one of the
most effective fillers to lower lattice thermal conductivity (κL) due to
its heavy atomic mass and small ionic radius, which result in the
lowest rattling frequency of ~ 42 cm− 1 in CoSb3.

10,11

Despite being studied extensively because of its demonstrably good
TE properties (ZT~1.2–1.4),11–17 the filling fraction limit (FFL) of
Yb has still not been conclusively determined. Various authors
have reported substantially different transport properties for a wide
range of Yb filling fractions.11–13,15–18 Shi et al.19 first determined the
theoretical FFL of Yb in CoSb3 to be 0.2 using ab initio calculations.
This was done by considering the competing effects of secondary
phases (mainly YbSb2); later, Mei et al.20 calculated the Yb FFL of 0.3
using a similar density functional theory approach. Even large
deviations in the experimentally determined Yb FFL have been
reported with values ranging from 0.2 to 0.7.12,15–18,21 These
experimental results all seem to indicate a strong dependence on the
synthetic conditions, which most likely relates to the temperature
dependence of the FFL or thermodynamically controlled chemical
reaction processes.22 Dilley et al.18 experimentally derived a Yb FFL of
0.22 from the lattice parameters vs nominal composition, when the
samples were synthesized via a combination of induction melting and
annealing. Using a non-equilibrium melt-spinning method, Li et al.17

observed a high Yb-filling fraction of 0.28–0.29 (electron probe
microanalysis results) for the sample with nominal composition
Yb0.3Co4Sb12+y. Later, Salvador et al.16 observed a filling fraction of
~ 0.25 (electron probe microanalysis results) for the nominal
composition Yb0.4Co4Sb12, which was prepared by an induction
melting–long-term annealing–sintering technique, although no sample
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with nominal Yb content 40.4 was prepared. Recently, Ren's Group
used high-energy ball milling to prepare a series of bulk YbxCo4Sb12
and concluded a very high Yb FFL of 0.5 based on X-ray diffraction
(XRD) results,12,15 and He et al.21 extracted an even higher Yb FFL of
~ 0.68 in YbxCo4Sb12 thin films by the Rietveld refinements of XRD
patterns. Special attention should be paid to the fact that the Yb FFLs
determined from many of these previous studies lack sufficient
evidence to unambiguously conclude that such high FFLs are true,
and none of them show combined experimental results for lattice
parameters and experimentally derived Yb compositions as assessed by
electron probe microanalysis or energy-dispersive X-ray spectroscopy
(EDS). Most recently, Tang et al.22 studied the Yb-Co-Sb ternary phase
diagram and argued that Yb FFL is a thermodynamic parameter that
depends on the annealing temperature and nominal composition,
which could possibly account for some of the FFL discrepancies.
In addition, only a few studies have been devoted to the role of excess
Yb (e.g., Yb2O3) and its effects on the TE transport properties while
exceeding the FFL,23,24 particularly in light of the fact that such excess
Yb may form the electrically insulating Yb2O3 or other impurity
phases such as metallic YbSb or YbSb2.
In the present work, a series of YbxCo4Sb12 (x= 0.2–0.6) samples

were synthesized to study the Yb FFL in CoSb3 and the effects that the
impurity phases, especially YbSb2, have on the TE transport properties.
The polycrystalline samples were prepared by a traditional
melting–annealing–sintering technique, where long-term annealing
(1 week) was used to achieve thermodynamic equilibrium. By
combining the lattice parameter and EDS results, we clearly
demonstrate a Yb FFL of ~ 0.29 in CoSb3, which is consistent with
the experimental results of Li et al.17 and theoretical calculations of
Mei et al.20 The main secondary phase for samples with x40.3 is
metallic YbSb2 precipitates. This secondary phase exerts a significant
influence on the TE transport properties, even at small volume
fractions, as we will demonstrate. The two-phase Bergman–Fel theory
was successfully used to model the transport properties of the samples
with large amounts of YbSb2 precipitates (x40.35), which helps
identify the discrepancy between the Yb FFL and the monotonic
dependence of the electrical transport properties with Yb contents
much greater than the FFL. Owing to the optimized power factor and
low lattice thermal conductivity, a high ZT of 1.5 can be achieved for
the sample with nominal composition Yb0.3Co4Sb12 (EDS derived
Yb content ~ 0.22), which is comparable to the best reported results
of n-type skutterudites and outperforms all previous studies of
single-element-filled skutterudites.

EXPERIMENTAL PROCEDURE
All samples with stoichiometries of YbxCo4Sb12 (x= 0.2–0.6) were prepared
using a conventional induction melting–quenching–annealing–sintering
method. High-purity Co powder (99.995%; Alfa Aesar, Ward Hill, MA,
USA), Sb shot (99.9999%; Alfa Aesar) and Yb chunks (99.95%; Alfa Aesar)
were used as raw materials. The Co powders were further purified and melted
into small shots with sizes of 1–5 mm using arc melting (SA-200; MRF, Inc.,
Allenstown, NH, USA). The purified Co shots were loaded into a BN crucible
together with Sb for induction melting three times at ~ 2000 °C for 30 s under
an Ar atmosphere (EQ-SP-25VIM; MTI Corporation, Richmond, CA, USA).
The ingots were crushed and loaded into carbon-coated quartz tubes with
appropriate amounts of Yb (carefully polished off the surface oxide layer) and
Sb in an argon-filled glove-box (Lab Star, Mbraun Corporation, Garching,
Germany) and vacuum sealed (10− 3 Torr). The charged tubes were placed into
a box furnace heated to 1000 °C for 5 h, soaked for 24 h and then quenched in
ice water. The ingots were ultrasonically cleaned in ethanol for 10 min, dried at
80 °C, vacuum sealed in quartz tubes and then annealed in a box furnace at
750 °C for 168 h. After annealing, the ingots were surface polished, crushed,

hand ground into fine powders (o100 μm) and sintered into bulk materials
using spark plasma sintering (SPS) at ~ 650–700 °C and 50 MPa for 5 min. In
addition, a single-phase YbSb2 polycrystalline sample was prepared using a
combined vacuum melting (900 °C for 10 h) and SPS (500 °C and 40 MPa for
5 min) technique. 1.5–2-mm-thick wafers with diameters of 12.7 mm as well as
3× 3×12 and 0.3 × 2.5× 8 mm3 rectangular bars were cut for TE property
evaluation and Hall coefficient measurements.
The phase identity and purity of the bulk samples were determined by

powder XRD (D8 Focus X-ray diffraction, Bruker Corporation, Billerica, MA,
USA) using the Cu Kα radiation (λ= 1.5406 Å), and the lattice parameters were
refined using the full-profile Rietveld refinement method in the FullProf_Suite
software.25 The backscattered electron images (BSEs) were collected on a
TM3000 electron microscope (Hitachi, Tokyo, Japan) equipped with a Bruker
EDS. The chemical compositions were determined using a field emission
scanning electron microscope equipped with an Oxford EDS (accelerating
voltage 20 kV) (Sirion XL30, FEI Corporation, Hillsboro, OR, USA). The
electrical conductivity (σ) and Seebeck coefficient (α) were simultaneously
measured using a ZEM-3 (Ulvac Riko, Kanagawa, Japan) in a low-pressure
helium atmosphere. The thermal conductivity (κ) was calculated from the
measured thermal diffusivity (λ), specific heat (Cp) and density (d) using the
relationship κ= λCpd. The thermal diffusivity λ was assessed by the laser flash
method (LFA-457, Netzsch Corporation, Selb, Germany), and specific heat (Cp)
was measured by differential scanning calorimetry using sapphire as the
reference (404F1, Netzsch Corporation). The measurement temperatures
ranged from 300 to 850 K. The uncertainties in the electrical conductivity,
Seebeck coefficient, and thermal conductivity are estimated to be ± 5%, ± 3%
and ± 10%, respectively. The high-temperature Hall coefficient measurements
(300–750 K) were performed on a homemade Hall system equipped with a 2 T
electromagnet. The carrier concentration (nH) and Hall mobility (μΗ) were
estimated from the measured Hall coefficient (RH) and electrical conductivity
by the relation nH ¼ r=e RHj j (assuming the Hall factor r is 1.0) and
mH ¼ s RHj j, respectively.

RESULTS AND DISCUSSION

Yb filling fraction limit and its existing forms in CoSb3
The powder XRD of YbxCo4Sb12 (x= 0.2–0.6) after annealing are
shown in Figure 1a, and all the major reflections can be indexed to the
body-centered cubic skutterudite phase with space group Im-3 (JCPDS
no. 65-3144). All samples show a trace amount of Yb2O3 phase due to
its very low formation energy, but the volume fraction of Yb2O3 does
not increase with increasing Yb content, as shown in Figure 1b. YbSb2
can be detected in samples with x40.4, and its volume fraction does
increase with increasing nominal Yb content. The estimated volume
fractions of YbSb2 from the XRD patterns are ~ 6% and 11% for the
x= 0.5 and 0.6 samples, respectively. The presence of large amounts of
the YbSb2 phase in the XRD for the x⩾ 0.5 also suggests that the Yb
FFL should be o0.5, which can be further verified by examining the
lattice parameters as a function of the nominal and measured Yb
contents. As shown in Figure 1c, the lattice parameter, a, increases
linearly with increasing Yb content for samples with x⩽ 0.35, and
saturates at a value of ~ 9.06 Å for those with nominal Yb contents
x40.35, indicating that the Yb FFL is o0.35 owing to the existence of
Yb-associated impurity phases, such as Yb2O3, as shown in Figure 1b.
To quantify the Yb FFL, the actual contents of Yb in the skutterudite
phases were measured using a high-resolution Oxford EDS.
The results are averaged from 10 randomly selected points (~5 μm
spot size) in the skutterudite matrix, and the standard deviations of the
10 points are usually within 0.02 (normalized to Ybx0Co4Sb12+δ, where
x0 is the measured Yb content), as shown in Table 1. The actual Yb
content in the skutterudite matrix, which is lower than the nominal
composition, first increases with increasing Yb content and saturates at
a Yb content of ~ 0.29. The lattice parameter also increases linearly
with increasing nominal (up to x~0.35) and actual Yb
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filling fraction (up to ~ 0.29), as shown in the inset of Figure 1c.
These results unambiguously indicate the Yb FFL of ~ 0.29 in CoSb3,
consistent with the theoretical calculations of Mei et al.20 and
electron probe microanalysis results of Li et al.17 Notably, the starting
stoichiometry, particularly for Sb, or the high annealing temperature
may significantly influence the FFL of Yb in CoSb3, as suggested by
Tang et al.;22 however, these factors are not applicable in this study as
all samples are stoichiometric in Co and Sb and the same annealing
temperature was used for every sample.
To further explore the amounts and distributions of the Yb-

containing secondary phases (Yb2O3 and YbSb2), BSE images were
taken from the carefully polished surfaces of SPS’d samples. The
advantage of BSE is the ability to provide Z contrast to accentuate the
presence of Yb-containing impurity phases. Typical BSEs of the x= 0.3
and 0.5 samples are shown in Figures 2a and b, and the BSEs of the
other samples are shown in Supplementary Figure S1 (Supporting
Information, SI). The xo0.35 samples are approximately pure phase
(trace amount of impurities with sizes of ~ 1 μm), and only minute
impurity phases are found for the x= 0.35 and 0.4 samples. Large
amounts of impurity phases with sizes of several micrometers can be
observed for the x= 0.5 and 0.6 samples. Only one kind of impurity
phase (white spots) can be identified, and a semiquantitative EDS

spectrum taken on a large impurity phase area indicates that the
composition is roughly YbSb2 (with significant surface oxidation), as
shown in Figures 2c and d. Here, the oxygen in Figure 2d is mainly
introduced in the postpolishing and drying processes because of the air
and water sensitivity of YbSb2. Elemental mappings of the same area
are shown in Supplementary Figure S2. In addition, a semiquantitative
analysis of the area fraction of the YbSb2 phase is performed on 10
randomly selected BSE figures (~180× 140 μm2), and the result is
shown in Figure 2e. The xo0.35 samples show trace amounts of
impurity phase (o0.5%, Yb2O3 or YbSb2), whereas the impurity
content (mainly YbSb2) increases rapidly for the x⩾ 0.35 samples,
which is consistent with the XRD results showing a saturation in
Yb content in the skutterudite matrix. Notably, no Yb2O3 phase can be
identified in the BSE for any of the samples, most likely due to its
small grain size (o1 μm) and small contrast with oxidized YbSb2 in
our BSE images. The presence of large amounts of metallic YbSb2
phase, as discussed later, exerts a significant influence on the TE
properties, especially for the samples with x40.35.

TE transport properties
The dimensionless figures of merit, ZTs, of YbxCo4Sb12 (x= 0.2–0.6)
are shown in Figure 3a together with the previous results for some

Figure 1 (a) Powder X-ray diffraction (XRD) of YbxCo4Sb12 after annealing, (b) the enlarged XRD highlighting the impurity phases, (c) the refined lattice
parameter a as a function of nominal Yb content x for YbxCo4Sb12 in this study and previous reported results. The inset in (c) shows the lattice parameter as
a function of the energy-dispersive X-ray spectrum (EDS)-derived Yb content.

Table 1 Actual Yb content (EDS), ρ, a, nH, μH, η, m*/m0 and κL at 300 K for YbxCo4Sb12 (x=0.2–0.6)

Samples Actual Yb content (EDS) ρ (g cm−3) a (Å) nH (1020 cm−1) μH (cm2 V-s−1) η m*/m0 κL(W m-K−1)

x=0.20 0.18 7.50 9.0401 1.8 57 0.89 2.9 2.4

x=0.25 0.19 7.39 9.0461 2.7 50 1.25 3.3 1.9

x=0.30 0.22 7.48 9.0502 3.3 44 1.32 3.5 1.9

x=0.35 0.27 7.66 9.0521 4.8 36 2.08 3.5 1.8

x=0.40 0.28 7.61 9.0562 5.0 35 2.18 3.6 1.7

x=0.50 0.28 7.72 9.0626 6.4 32 2.54 3.6 1.7

x=0.60 0.29 7.81 9.0609 12 19 3.41 4.4 2.0

Abbreviations: a, lattice parameter; η, reduced Fermi energy; EDS, energy-dispersive X-ray spectroscopy; κL, lattice thermal conductivity; m0, free electron mass; m*, density of states effective mass;
μH, Hall mobility; nH, carrier concentration; ρ, mass density.
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Yb-filled and the best reported triple-filled CoSb3.
5,12,13,15 Here, ZT is

defined as σα2T/κ, where α, σ, κ and T are the Seebeck coefficient,
electrical conductivity, thermal conductivity and the absolute
temperature, respectively. With increasing Yb content, ZT increases
gradually, peaks at x= 0.3 and then decreases rapidly. Our Yb-filled
samples show excellent TE performance with a maximum ZT of 1.5 at
850 K for Yb0.3Co4Sb12 (nominal composition), outperforming all
previously reported single-element-filled skutterudites,12,15,17,26–29

and having comparable performance to the best reported values for
any n-type skutterudites.5,8,30 For power generation applications, the
average ZT in the temperature range of use is more important to
achieve high TE conversion efficiency.3,31 We therefore compared the
average ZTs of Yb0.3Co4Sb12 with those of the best reported ZT of
triple-filled CoSb3,

5 as shown in Figure 3b. Even though the
Yb0.3Co4Sb12 has a lower peak ZT, it shows comparable average ZT
values to those of the best triple-filled CoSb3,

5 specifically
ZT 3002850K ¼ 1:05 and ZT 5002850K ¼ 1:28, whereas the relatively
lower oxygen and moisture sensitivity of Yb compared with alkali
(Li, Na and K), alkaline earth (Ca, Sr and Ba) and other rare earth (La,
Ce, Nd and so on) elements make Yb-filled skutterudites more
attractive for large-scale synthesis and thus commercial applications.
The high TE performance of our Yb-filled CoSb3 is mainly attributed

to the high power factors originating from the optimized carrier
concentration and high carrier mobility, as well as low lattice thermal
conductivity due to the low rattling frequency of Yb (heavy mass and
small ionic radius), which will be addressed below in greater detail.
Before presenting the high-temperature transport properties,

the room temperature physical properties were analyzed and are
summarized in Table 1. With increasing measured Yb content, nH first
increases almost linearly and then rises rapidly for the samples
with x40.4. This rapid increase in nH is most likely attributable to
the presence of large amounts of metallic YbSb2 precipitates, as shown
in Figure 2 and Supplementary Figure S1. This metallic secondary
phase presumably donates electrons into the skutterudite matrix and
markedly raises the Fermi level. The nH values at 300 K, however, are
much lower than those estimated by assuming that each Yb donates
two electrons, indicated as the dotted line in Supplementary Figure S3.
This indicates a complex valence state of Yb and high portion of
covalent bonding between Yb and Sb, as evidenced by the low
electron-donating ability of Yb (o1e− per Yb atom at 300 K in
Supplementary Figure S3). The intermediate valence of Yb
(Yb2+/Yb3+) has been observed for the p-type YbFe4Sb12

32 and
Ce1− xYbxFe4Sb12,

33 as well as highly charge compensated n-type
compositions such as YbyCo4SnxSb12− x.

18 However, the valence state

Figure 2 Typical backscattered electron images of (a) the x=0.3 and (b) x=0.5 samples, the light color regions in (b) is the YbSb2 precipitates; (c) energy-
dispersive X-ray spectrum (EDS) of the circular area in (b); (d) quantitative result of the chemical composition from EDS in (c); (e) the area fraction of YbSb2
precipitates counted from 10 randomly selected scanning electron microscope (SEM) figures (magnification of ×1000).
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of Yb in non-charge compensated n-type YbxCo4Sb12 seems to be well
below +2 based on the Hall data and needs to be scrutinized further.
With increasing Yb content, μH decreases progressively owing to the
increased Fermi energy and degeneracy, as shown in Table 1. The μH
as a function of nH is plotted in Figure 4a, and the solid line shows the
trendline of filled skutterudites (from Shi et al. 5). The μH–nH data for
samples presented in this study agree with the trendline, even for
the samples with large amounts of YbSb2 precipitates. This implies
that the YbSb2 phase has a negligible influence on carrier scattering,

most likely due to the band alignment of the two phases or the
much smaller electron wavelength (o100 nm for heavily doped
semiconductors) compared with the sizes of the YbSb2 precipitates.
The negligible influence of YbSb2 on electron scattering is further
corroborated by the effective mass m* vs nH plots at 300 K, as shown
in Figure 4b. The reduced Fermi level η and m* were calculated using
the experimental α and nH based on the assumption of a single
parabolic band and acoustic phonon scattering. The calculation details
can be found elsewhere.34,35 m* increases gradually with increasing

Figure 4 (a) Hall mobility as a function of carrier concentration, and the solid line is the trendline of the filled CoSb3. (b) Electron effective masses as
functions of carrier concentration for YbxCo4Sb12 in the present study and Ba- and Na-filled CoSb3;27,28 the solid line represents the single Kane band model
with Eg=0.175 eV and mCBM=2.1 m0.

Figure 3 (a) Dimensionless figure of merit ZT as a function of temperature for YbxCo4Sb12 in the present and some previous studies,12,13,15 and the best
triple-filled CoSb3.5 (b) The average ZTs of 300–850 and 500–850 K for the best Yb-filled sample in this study and the best triple-filled CoSb3.5
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Figure 5 Temperature dependences of the electrical transport properties for YbxCo4Sb12 in the present and some previous studies12,13,15 and the best triple-
filled CoSb3.5 (a) Electrical conductivity, (b) Seebeck coefficient, (c) carrier concentration, (d) Hall mobility, (e) carrier effective mass and (f) power factor.
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carrier concentration, consistent with the nonparabolicity of the band
edges as found in many previous studies.5,27,28 The nonparabolic Kane
band model describes the effective mass as a function of the reduced
Fermi level as

m� ¼ mCBMð1þ 2ZkBT
Eg

Þ; ð1Þ

where Eg is the band gap, mCBM the effective mass at the conduction
band minimum and kB the Boltzmann’s constant. As shown as the
solid line (mCBM= 2.1m0 and Eg= 0.175 eV) in Figure 4b, the m*–nH
relation of Yb-filled CoSb3 in this study agrees well with previous
studies of alkaline- or alkaline-earth-filled CoSb3,

27,28 indicating
that the YbSb2 precipitates have negligible influence on the carrier
scattering, consistent with the μH–nH results. According to the
above results, we conclude that for our YbxCo4Sb12 samples, even
with large amount of metallic YbSb2 precipitates (x40.35), electron
transport is dominated by the conduction band electrons of
skutterudites. The YbSb2 precipitates, which donate electrons into
the skutterudite matrix, have a negligible influence on the electron
scattering, and thus transport. However, the detailed interactions
(band alignment, electron transfer, interfacial barrier, and so on)
between YbSb2 and skutterudites needs more theoretical and
experimental efforts.
The high-temperature (300–850 K) electrical transport properties of

YbxCo4Sb12 (x= 0.2–0.6) and some previously reported results are
shown in Figure 5.5,12,13,15 Electrical conductivity increases gradually
with increasing Yb content, as shown in Figure 5a, mainly due to
the increased nH. Notably, the electrical conductivities reported by
different authors show a distinct dependence on the nominal Yb
content, primarily attributed to the different synthetic techniques, and
thus quite different actual Yb filling fractions.12,13,15–18 The electrical
conductivities of all samples obey a power law with temperature
(σ~Ts), and the temperature exponent s changes gradually from
− 0.66 to − 0.51 with increasing Yb content. These s values are atypical
for heavily doped semiconductors at high temperatures (above the
Debye temperature), where σ typically decreases much more rapidly
with increasing temperature (T− 1.5–T− 2 for lattice scattering), as
reported for Bi2Te3

36 and PbTe.37 The unusual temperature
dependence of σ can be ascribed to either other carrier scattering
mechanisms (e.g., impurity scattering) or the rapid change in nH with
temperature.29 Furthermore, α decreases gradually with increasing Yb
content owing to the increased nH and thus η, as shown in Figure 5b.
The temperature dependence of α is also different from that of
conventional heavily doped semiconductors. The experimental data
from this study are compared with the calculated values for the x= 0.2
(black dashed) and x= 0.6 (dotted lines) samples in Figure 5b.
These calculated lines are based on the assumptions of temperature-
independent carrier concentrations (300 K values of the x= 0.2 and
x= 0.6 samples), a single parabolic band approximation and
acoustic phonon scattering.38 The weak temperature dependences of
α and σ indicate unusual electrical transport in Yb-filled CoSb3
compared with typical heavily doped semiconductors, such as
Bi2Te3

36 and PbTe.37

To unravel the underlying reason for the anomalies in the electrical
transport, the high-temperature (300–700 K) nH and μH were
measured and are shown in Figures 5c and d. Unlike typical extrinsic
semiconductors such as doped Bi2Te3

36,39 or PbTe,40 which show
weakly temperature-dependent nH, the nH of YbxCo4Sb12 increases
significantly with increasing temperature, which has been
widely observed for filled skutterudites.9,29,41–43 The rapid rise in nH
starting at very low temperatures41 should be irrelevant to the intrinsic

conduction or temperature-dependent solubility of fillers. We
speculate that this phenomenon should relate to the unusual
temperature dependence of valence state of fillers, which most likely
gradually increase their valence states with increasing temperature; this
behavior is attributable to the gradual ionization of Yb. This is also
corroborated by the weakly temperature-dependent nH of pristine or
doped CoSb3 (Fe, Cr and Te).44–46 However, more experimental
and theoretical work is needed to distinctly address this anomalous
temperature dependence of the nH of filled skutterudites. Moreover,
μH decreases sharply with increasing temperature (temperature
exponent ~− 1.5 to − 2), which can be well understood by the
nonpolar acoustic phonon scattering and increased m* with
temperature, as shown in Figure 5e. The predominance of acoustic
phonon scattering is consistent with many previous studies and
typical of good TE compounds at elevated temperatures (higher
than the Debye temperature).13,36,40,47 The temperature exponent of
μH increases gradually to − 3 at 700 K, which is attributable to the
increased contribution of optical phonon scattering and/or
intensified electron-hole coupling.48,49 The m* of selected samples,
shown in Figure 5e, increase gradually with temperature. The increase
in m* is mainly due to the lattice expansion and concomitant
alterations in band structure, as experimentally observed in many
compounds with nonparabolic bands.40,50,51 The temperature index
dlnm*/dlnT= 0.5 for the xo0.35 samples is consistent with the
result of n-type PbTe,37,40 which is also well described by the
single Kane band model. The x= 0.6 sample shows a smaller index
of ~ 0.4, presumably due to the influence of the YbSb2 impurity
phase and its very large Fermi energy. Based on the above analyses,
the unusual temperature-dependent behavior of the electrical
transport properties is mainly associated with the rapid increase
of nH with temperature and partly due to the temperature
dependence of m*.
The temperature-dependent power factors (PF=α2σ) of Ybx-

Co4Sb12 (x= 0.2–0.6) and some previously reported values are shown
in Figure 5f.5,12,13,15 With increasing Yb content, the PF first increases
and then decreases, reaching a maximum for Yb0.3Co4Sb12 with a
highest value of 55 μW cm-K− 2 at 700 K. More importantly, the high
PF450 μW cm-K− 2 can be retained over a wide temperature range
(T4400 K), which is favorable for achieving a high average ZT.
The high PF is superior to previous results for Yb-filled or other
single-filled samples and comparable to the best reported
results.5,12,13,15 The high PF is primarily attributed to the
optimized carrier concentration and high carrier mobility that
originated from the excellent sample purity and uniformity, as
demonstrated above.
Temperature-dependent thermal conductivities (κ) of YbxCo4Sb12

(x= 0.2–0.6) and some previously reported results are shown in
Figure 6a.5,12,13,15 Our Yb-filled samples show slightly higher κ at
low temperatures (o 600 K) but comparable values at elevated
temperatures to those previously reported Yb-filled CoSb3.

12,13 The
differences in low temperature κ are mainly attributed to the difference
in microstructure, where the samples in Dahal et al.12 and Xiong
et al.13 show nanosize grains (high energy ball milled or in-situ
formed), while our samples display grain sizes of tens of micrometers.
The triple-filled sample shows much lower κ over the entire
temperature range primarily due to the broad-frequency phonon
scattering by the multiple filling. However, the specific heat used for
the κ calculation in this study is ~ 10% (~0.22 vs ~ 0.24 J g-K− 1)
higher compared with that of triple-filled sample, as shown in
Figure 6b. This could partly account for the difference in κ. The
lattice thermal conductivity (κL) was calculated by subtracting the
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carrier contribution from the total thermal conductivity using the
formula κL= κ− LσT, where L is the Lorenz constant and is taken to
be 2.0 × 10− 8 V2 K− 2 in the present study. Here, the calculated κL
contains bipolar thermal conductivity at elevated temperatures for the
samples with low Yb contents (xo0.35). As shown in Figure 6c, κL
decreases gradually with increasing actual Yb content (EDS-derived Yb
filling fraction) to a minimum value of ~ 1.7 Wm-K− 1 at 300 K. The
x= 0.6 sample shows slightly increased κL at 300 K, primarily ascribed
to the presence of large amounts of YbSb2 precipitates with high
thermal conductivity (~15Wm-K− 1 at 300 K, inset in Figure 7d). At
high temperatures, κL approaches the minimum value (κmin) of
CoSb3,

5 indicating very strong phonon scattering for Yb-filled samples.
As shown in Figure 6c, κL roughly follows a T− 1 relation until the
involvement of bipolar thermal transport, indicating the predomi-
nance of Umklapp processes. As mentioned above, Yb is an indis-
pensable filler for high-performance n-type skutterudites, as indicated

for previously reported double- or triple-filled samples.5,52 Yb-filled
CoSb3 actually possesses comparable κL values to those of double- or
triple-filled CoSb3 considering the experimental error and different Cp

used for κ calculations, as shown in Supplementary Figure S4. The
intrinsically low κL of Yb-filled CoSb3 can be well understood from the
specific features of its phonon dispersion, as shown in Figure 6d.
Yb-related ‘rattling’ modes (low-lying optical branches) mainly
locate at low frequencies in the range of ~ 40–45 cm− 1, as shown
in Figures 6d and e. Such low frequencies are attributable to
the small radius and heavy mass of Yb. The low-lying ‘rattling’ modes
interact strongly with the heat-carrying acoustic branches, as
characterized by the significant avoided-crossing and low cutoff
frequency of the longitudinal acoustic phonon branch.53 The strong
optical–acoustic interactions and possibly intensified anharmonic
lattice dynamics are believed to contribute to the very low κL, as
suggested for numerous TE systems.54–56 Other fillers, such as Ba and

Figure 6 (a–c) Temperature dependences of the thermal transport properties for YbxCo4Sb12 in the present and some previous studies12,13,15 and best triple-
filled CoSb3.5 (a) Thermal conductivity, (b) specific heat and (c) lattice thermal conductivity. (d) Phonon dispersion of and (e) partial phonon density of states
of Yb0.25Co4Sb12. The red vertical bars superimposed on the phonon dispersion in (d) represent the partial contribution from Yb.
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Na(Supplementary Figure S4), have limited effect on κL owing to the
high frequencies of rattling modes, which show negligible interactions
with acoustic branches. In addition, the phonon carrier scattering
is another possible contributor to the low κL, as suggested in
Co1− xNixSb3

57 and La3Te4.
58

TE property modeling of the x40.35 samples using the
Bergman–Fel composite theory
The presence of metallic YbSb2 precipitates has significant effects on
the TE transport properties of the x40.35 samples, which accounts
for the nonlinear dependence of the Yb-filling fraction on carrier
concentration and electrical transport. According to the Bergman–Fel
model,59,60 for a system with randomly dispersed component B with
spherical shape (namely, YbSb2) in a matrix medium A
(namely, Yb0.35Co4Sb12), the effective electrical and thermal

conductivities σE and κE and effective Seebeck coefficient αE can be
estimated from the electrical conductivities σA and σB, the thermal
conductivities κA and κB and the Seebeck coefficients αA and αB of
constituents A and B by

sE ¼ sA þ F
D
ð ds
dBA

þ 1� F
3

sA
dA

Þ ð2Þ

kE ¼ kA þ F
D
ð dk
dBA

þ 1� F
3

kA
dA

Þ ð3Þ

aE ¼ aAsA þ F
D
ðdas
dBA

þ 1� F
3

aAsA
dA

Þ
� �

1

sE
ð4Þ

Figure 7 Modeling of the thermoelectric (TE) properties of the x40.35 samples using the Bergman–Fel theory with Yb0.35Co4Sb12/z_vol% YbSb2 composites.
(a) Electrical conductivity and Seebeck coefficient at 300 and 800 K as functions of YbSb2 volume fraction z; the solid and dashed lines are calculated
using the Bergman–Fel theory. The error bars in (a) are 5%. Temperature dependences of (b) electrical conductivity, (c) Seebeck coefficient and (d) thermal
conductivity for the xX0.35 samples. The solid lines in (b)–(d) are theoretical modeling, with z=1.0, 6.0 and 11, respectively; the insets in (b)–(d) are the
experimental electrical conductivity, Seebeck coefficient and thermal conductivity of the YbSb2 polycrystalline sample, respectively.
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where Ф is the volume fraction of phase B and

ds � sB � sA; dk � kB � kA; das � aBsB � aAsA ð5Þ

dA � sAkA
T

� ðaAsAÞ2; dBA � dsdk
T

� d2as ð6Þ
and

D ¼ ð ds
dBA

þ 1� F
3

sA
dA

Þð dk
TdBA

þ 1� F
3

kA
TdA

Þ

� ðdas
dBA

þ 1� F
3

aAsA
dA

Þ2 ð7Þ
Based on the above equations and TE transport properties of

nominal Yb0.35Co4Sb12 and YbSb2, the TE properties of Yb0.35Co4Sb12/
z_vol% YbSb2 composite (z is the volume fraction of YbSb2) can be
numerically calculated and are indicated by the solid (300 K) and
dashed (800 K) lines in Figure 7. The YbSb2 volume fractions estimated
using XRD refinements are ~ 1, 6 and 11% for the x= 0.4, 0.5 and 0.6
samples, respectively. We compared the TE transport properties of
x40.35 samples with the theoretical modeling. Overall, the
Bergman–Fel model agrees well with the experimental results, both
in magnitude and temperature dependence. As shown in Figure 7a, the
electrical conductivity and Seebeck coefficient at 300 and 800 K for the
x40.35 samples agree with the theoretical lines within 5% error.
The deviation between the model and experimental data for the x= 0.6
sample is relatively large but acceptable considering the simplicity of
the model (even distribution and spherical shape of the secondary
phase) and system complexity. Owing to the absence of bipolar
conduction for the x40.35 samples (large Fermi energy),61 the theory
also accounts for the temperature dependence of electrical conductivity
and Seebeck coefficient, as shown in Figures 7b and c. In particular, the
modeled thermal conductivity in Figure 7d shows reasonably good
agreement with the experimental data. Because the Bergman–Fel model
does not account for carrier or phonon scattering at the phase
boundary,59 the high level of agreement between experimental and
modeled electrical and thermal transport properties indicates negligible
interfacial scattering between YbSb2 and skutterudites matrix for both
electrons and phonons. This is also validated by the high level of
agreement for the μH–nH and m*–nH data with the general trends of
other n-type filled skutterudites shown in Figure 3 and the convergence
of κL of the x40.35 samples shown in Figure 6c. Therefore, we can
conclude that, for the x40.35 samples containing micron-sized YbSb2
precipitates, the two-phase Bergman–Fel model can account for the
variation in the electrical and thermal transport properties and can
unravel the inconsistency between the Yb FFL and the transport
properties, as shown for previously reported Yb-filled CoSb3.

12,15

The best ZT is achieved for the pure phase Yb0.3Co4Sb12, and the
incorporation of the YbSb2 secondary phase gradually deteriorates the
TE performance. This is primarily attributed to the following two causes:
(a) the deviation from the optimal carrier concentration range for the
x40.3 samples (n44×1019 cm− 3) and (b) large size of the YbSb2
precipitates. According to the composites theory,59 the effective figure of
merit of a composite can never exceed the largest figure of merit in any
of its constituents in the absence of size and interfacial effects. The large
YbSb2 precipitates clearly have no influence on the electron and phonon
scattering, which accounts for the decreased ZT with increased YbSb2
incorporation. Therefore, to further improve the ZT, manipulating
the size of YbSb2 (e.g., in situ or ex situ nanostructuring62) to exert
strong phonon scattering but negligible electron scattering is necessary,
while also retaining the carrier concentration within the optimal range.
In the future, rapid solidification (e.g., melt spinning9,17) or high-energy

ball milling12 will be used to synthesize the YbyCo4Sb12/YbSb2 nano-
composites to verify this.

CONCLUSIONS

We show in this study that a high ZT of 1.5 and a large average ZT41.0
between 300 and 850 K can be achieved for Yb-filled skutterudites. These
are the highest values reported for single-element-filled skutterudites and
are comparable to the best reported results for this material class. The
high TE performance is primarily attributed to the high power factor
(in excess of 50 μWcm-K−2 above 400 K) originating from the optimal
carrier concentration and superior carrier mobility, as well as the
low lattice thermal conductivity due to the significantly modified
phonon dispersion from Yb filling. Furthermore, our combined
experimental XRD, lattice parameter and EDS results clearly show a
Yb FFL of ~0.29, clarifying the long-standing debate. We find that excess
Yb mainly forms metallic YbSb2 precipitates, further increasing the
electrical conductivity and decreasing the Seebeck coefficient significantly
by considerably increasing the overall carrier concentration. The
transport properties of the x40.35 samples with large amounts of
YbSb2 precipitates can be quantitatively modeled by Bergman’s
composite theory (Yb0.35Co4Sb12/YbSb2 composites), providing new
understanding of the role of Yb and its secondary phases in CoSb3, as
well as its effects on TE properties. The high TE performance and low
preparation cost of Yb-filled CoSb3 make it a promising candidate for
large-scale intermediate temperature power generation applications.
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