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ABSTRACT: We report the phase evolution and thermoelectric properties of a series of Co(Ge,sTeo5);xSby (x = 0-0.20)
compositions synthesized by mechanical alloying. Pristine ternary Co(Ge,sTe, 5); skutterudite crystallizes in the rhombo-
hedral symmetry (R3), and Sb doping induces a structural transition to the cubic phase (ideal skutterudite, Im3). The Sb
substitution increases the carrier concentration while maintaining a high thermopower even at higher doping levels, owing
to an increased effective mass. The exceptional electronic properties exhibited by Co(Ge,sTe,s); upon doping are attributed
to the carrier transport from both the primary and secondary conduction bands, as shown by theoretical calculations. The
enhanced electrical conductivity and high thermopower increase the power factor by more than 20 times. Because the
dominant phonon propagation modes in binary skutterudites are associated with the vibrations of pnictogen rings, twisting
the latter through the isoelectronic replacement of Sb, rings with Ge,Te, ones, as done in this study, can effectively reduce
the thermal conductivity. This leads to an increase in the dimensionless figure-of-merit (zT) by a factor of 30, reaching 0.65

at 723 K for Co(Ge, sTeo 5)>oSbo..

1. INTRODUCTION

In the realm of technologies to increase energy effi-
ciency, thermoelectric materials, that convert thermal and
electrical energy through solid-state phenomena, has cap-
tivated a lot of interest from the scientific community.
Thermoelectric power generation, involving the conver-
sion of waste heat to electricity via the Seebeck effect in
serial p-n semiconductor pairs, is considered among the
best alternatives to fossil energies.°. However, a large im-
provement in conversion efficiency is required for most
materials, which is a major challenge because of the strong
correlation between their electrical and thermal proper-
ties.

The skutterudite materials are a class of “phonon glass
electron crystals” with chemical formula MX;, where M
is a group IX (Co, Rh, or Ir) transition metal and X is a
group XV (P, As, or Sb) pnictogen, which crystallizes in
a cubic structure with large voids and four-membered
rings of X atoms.” # Among skutterudite materials, heav-
ily doped n-type CoSb; exhibits favorable electronic
transport features, originating from the presence of a
multivalley secondary conduction band (CB).9 As the
temperature increases, the energy difference between
conduction band minimum (CBM) and second CB edge
decreases, eventually leading to band convergence at el-
evated temperature with carrier transport occurring in
both bands, resulting in a higher thermopower (S).9*
Apart from exhibiting favorable intrinsic electronic

properties, the most unique feature of skutterudite ma-
terials is their capability to fill the large void spaces in
their crystal structure with rattlers,’> 4 which can achieve
the dual purpose of improving the power factor by elec-
tron doping® and reducing the lattice thermal conduc-
tivity via the rattling effect.’® 7 Apart from rattling effect,
nanostructuring is an effective way to reduce lattice ther-
mal conductivity in skutterudite materials.’*° An alter-
native way to reduce the lattice thermal conductivity is
to distort the rectangular pnictogen rings, because the
vibrations of the latter dominate the phonon spectrum
of binary skutterudites.?> 2> One way to disrupt the pnic-
togen ring is the isoelectronic substitution of the pnicto-
gen (group V) element by group IV-VI pairs, thus keep-
ing the valence electron count per unit cell unchanged
to 144 e~ and the whole system in a diamagnetic semi-
conducting state.®> 24 Hence, our recent efforts were fo-
cused on the synthesis and characterization of ternary
skutterudites, with the same electron count per unit cell
as their binary counterparts. Previous crystallographic
studies of the resulting ternary skutterudites revealed a
distortion of the nearly square pnictogen ring, with the
anion atoms exhibiting long-range ordering. In practice,
the group IV and VI elements are not distributed ran-
domly, but reside at the opposite corners of the four-
membered rings, along the [111] direction.?5->® The distor-
tion of the four-membered rings, leading to a symmetry
reduction from cubic (Im3) to rhombohedral (R3), was
mainly attributed to the stronger interactions between



the transition metals and the group IV (Ge) than group
VI (Te) anions.?®

To date, most experimental and theoretical studies on
ternary skutterudites have focused on undoped pristine
compositions. These studies reported higher Seebeck co-
efficient and electrical resistivity values for the ternary
materials compared to their binary counterparts, while
their more complex unit cell resulted in lower thermal
conductivity.?27 3033 Although achieving a low thermal
conductivity is essential to improve the dimensionless
figure-of-merit (zT) value, modifying the electronic
structure and thus the electronic transport efficiency is
the key challenge in the case of ternary skutterudite
Co(Ge,sTe,5);. Tight-binding band structure (BS) calcu-
lations showed that the nature of the electronic bands
near the Fermi level is mostly governed by the presence
of the X, planar rings.?® Moreover, previous theoretical
studies showed that the electronic band structure of ter-
nary skutterudites can be radically altered by modifying
the structure of the anion rings.3+ Nevertheless, the ex-
trinsic doping of Co(Ge, sTe,s); has never been reported to
date.

This work paves the way to a better understanding of
the influence of electron (Sb) doping on the crystal struc-
ture and thermoelectric properties of charge-compen-
sated ternary skutterudite. We also report the band
structures of the Co(Ge,sTe,s); and examine its correla-
tion with that of the binary counterpart, CoSb,. To deter-
mine the crystallographic occupancy of Sb in
Co(Ge,5Te, 5); we first investigated the formation energy of
the Sb substitution process and calculated the band struc-
ture of all possible configurations. Experimentally, it was
observed that, as the Sb doping increases, the electrical
conductivity (o) is substantially enhanced while the n-type
thermopower remains high, as a result of the increased ef-
fective mass. A similar behavior is observed in CoSb,, where
the multivalley secondary bands concept has been used to
explain the increase in effective mass. The fundamental
question is whether the explanation based on the multi-
band effect is also valid for the charge-compensated ter-
nary skutterudites. To answer this question, we theoreti-
cally demonstrated the increasing trend of the effective
mass with different Sb concentrations and further calcu-
lated the thermopower at different carrier concentrations.
In addition, the lattice thermal conductivity of ternary
skutterudite Co(GeosTe,s); was significantly lower com-
pared to that of its binary counterparts. To probe the
physical influence of the pnictogen ring configuration on
the lattice thermal conductivity, we investigated the lat-
tice dynamics in both binary and ternary skutterudite
material systems.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation and Characterizations

The skutterudite-type Co(Geo,sTe,5);+Sby compounds
were prepared by mixing stoichiometric amounts of high-

purity Co, Ge, Te, and Sb elemental powders (all > 99.99%,
obtained from Sigma-Aldrich) via a mechanical alloying
process; for the latter, we employed a planetary ball mill
(Retsch PM10o) operating at RT, at a disc rotation speed of
300 rpm for 10 h. Working inside an Ar-filled glove box, the
chemicals were weighed and loaded into a stainless steel
jar with tungsten carbide balls, with a powder-to-ball
weight ratio of 1:20. The as-milled powders were then
placed into a graphite molding die and consolidated by
hot-pressing at 873 K for 30 min under a 50 MPa pressure.
The resulting pellets had a diameter of 15 mm, a thickness
of 2.5 mm, and geometrical densities greater than 97%. The
synthesis and sintering conditions were optimized to yield
the sample with highest purity.

After finely grinding the products, the sample purity and
nature were checked by X-ray powder diffraction with a
two-circle diffractometer (D2 Phaser, Bruker, 6-26 Bragg-
Brentano mode) equipped with a Cu X-ray tube and a
LynxEye XE-T detector. The best samples were selected for
high-resolution synchrotron XRD measurements, which
were carried out on the TPS BL 19A beamline of the Na-
tional Synchrotron Radiation Research Center (NSRRC),
Taiwan. Diffractograms were recorded on skutterudite
Co(GeosTe, 5)5-«Sbx powders in borosilicate capillaries (Pex.
ternal = 0.1 mm) on a g-circle diffractometer at 15 KeV (A =
0.8265 A). The patterns were collected by a multicrystal an-
alyzer detector mounted on a goniometer head, over a 26
range of 2-100° with a step size of ~ 0.004°. Pattern refine-
ment was carried out with the Le Bail method using the
Winplotr and Fullprof software packages.3>3° The shape of
the diffraction peaks was approximated using a Thomp-
son-Cox-Hastings pseudo-Voigt function.’ The zero-
point shift and shape parameters were systematically re-
fined, and the background contribution was estimated
manually. Finally, we refined the lattice and isotropic dis-
placement parameters (i.e., Debye-Waller factors, Bjgg)-
High-resolution  transmission electron microscopy
(HRTEM, JEOL-2100, 200 kV) was used to record the mi-
crostructures and selected-area electron diffraction
(SAED) patterns of the samples.

To investigate the electrical properties, including o, S,
and the corresponding thermoelectric power factor S2g; a
rectangular ingot (~ 3 mm x 3 mm x 15 mm) was cut from
a hot-pressed pellet and analyzed with a ULVAC-RIKO
ZEM-3 system under helium atmosphere from RT to 773 K.
In the same temperature range, a NETZSCH LFA-457 ap-
paratus was used to measure the thermal diffusivity under
argon flow. The thermal conductivity was determined as
the product of thermal diffusivity, density (obtained by the
Archimedes method), and heat capacity (estimated by the
Dulong-Petit approximation). To calculate the lattice ther-
mal conductivity by subtracting the electronic contribu-
tion from the total thermal conductivity (x, = k — k,), we
used the Wiedemann-Franz law with a Seebeck-depend-
ent Lorenz number. The estimated measurement uncer-
tainties were 6% for the Seebeck coefficient, 8% for the
electrical resistivity, 1% for the thermal conductivity, and
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16% for the figure-of-merit.3® Room-temperature Hall ef-
fect measurements were carried out using a HMS-3000 sys-
tem in Van-der Pauw configuration with a 0.55 T magnetic
field, which is further confirmed by using Quantum Design
Physical Property Measurement System (PPMS) with 3T
magnetic field. Carrier concentrations were calculated by
assuming a single parabolic band conduction model, using
the formula n = 1/Re, where e is the electronic charge.

2.2. DFT Calculations

First-principles total energy calculations based on DFT
were performed with the Vienna ab initio simulation pack-
age,3° using the projector augmented-wave method+> + and
plane-wave basis sets. The valence electron configurations
of adopted pseudopotentials for Co, Ge, Te, and Sb atoms
are 9 (d®%), 4 (s>p?), 6 (s>p*), and 5 (s*p3), respectively. We
used a hexagonal unit cell with a =12.408 A and ¢ = 15.197
A, containing 24 Co, 36 Ge, and 36 Te atoms; Sb atoms were
then substituted for Ge or Te atoms to obtain the opti-
mized lowest-energy structures. Brillouin zone summation
was performed with a 3 x 3 x 3 k-point grid. The plane-wave
energy cutoffwas set to 400 eV. Self-consistent total energy
calculations were carried out until the energy was con-
verged to 0.001 meV/cell, and atomic positions were re-
laxed until the residual forces were less than 5 meV/A. The
energy and force convergences were carefully checked. We
employed the generalized gradient approximation (GGA)+
with the Perdew-Burke-Ernzerhof (PBE) parametriza-
tion.#

The calculation of phonon dispersions and lattice ther-
mal conductivities requires information on the second-or-
der and third-order interatomic force constants (IFCs). To
obtain these data, we used the HIPHIVE package,* which
is interfaced with machine-learning libraries providing ef-
ficient implementations of linear regression and direct
enumeration approaches for the extraction of IFCs of dif-
ferent orders. To obtain the reference data, we used the
Monte Carlo rattle approach# to generate 25 structures
based on a 2 x 2 x 2 (256 atoms) supercell of the conven-
tional CoSb, (32 atoms) and Co(Ge, sTe, 5); (32 atoms) cells,
with an average displacement amplitude of 0.08 A. Forces
acting on the atoms of these generated structures were cal-
culated using DFT, with similar parameters to those used
in the electronic structure calculations. The underlying
force constant potentials (FCP) were reconstructed using
the recursive feature elimination (RFE) feature selection
method. The FCPs were then used in combination with the
Phonopy package# to analyze the material thermal prop-
erties in the harmonic approximation, while third-order
force constants such as phonon lifetimes (considering only
phonon-phonon scattering) were analyzed using the
Phono3py package.+®

3. RESULTS AND DISCUSSION

3.1. Structural Characterization

In the following, we show that two types of compounds
can be synthesized in the Co(Ge, 5Te, 5);-«Sbysystem: an or-
dered (x = 0) and an ideal (x = 0.15 and 0.20) skutterudite
structure, as well as a solid solution of the two (x = 0.05
and 0.10).

The synchrotron X-ray powder diffraction (SXPRD) pat-
terns of the Co(GeoysTeys);«Sby (x = 0-0.20) samples are
displayed in Figure 1a. The relative percentages of second-
ary phases were determined by Rietveld refinement. The
pristine sample was refined using the rhombohedral struc-
tural model (Figure S1, and summarized the parameters in
Table S1) and the x = 0.10 sample by distributing the Sb at-
oms on the anionic sites based on DFT results (Figure Sz,
and the parameters summarized in Table S3). A careful ex-
amination of the diffraction data of the five samples
showed that all prepared materials contained ~ 6% of bi-
nary tellurides (CoTe,, indicated by exclamation point
symbols in Figure 1a), and ~ 1% of binary oxides (GeO,, star
symbols in Figure 1a) (Table S3); these amounts are com-
parable to those reported in literature for similar materi-
als.?® The addition of Sb (x = 0.10, 0.15, and 0.20) promoted
the formation of GeTe as secondary phase (hash symbols
in Figure 1a), as a consequence of the replacement of Ge-
Te by Sb-Sb pairs in the anion rings. In addition, a peak
shift toward higher angles was observed for the CoTe,
phase (Figure 1b), as a result of the decrease in lattice pa-
rameters due to some of the Sb atoms entering the second-
ary phase. Consequently, the precise amount of Sb enter-
ing the main phase is unknown, but the stoichiometry ob-
tained from electron probe microanalysis (EPMA) meas-
urements (Table S4) is a good approximation, as CoTe, rep-
resents only 6 wt.% of the sample.

The XRD patterns of all five samples could be indexed to
a cubic (Im3) lattice. However, the powder diffraction pat-
terns of the x = 0, 0.05, and o0.10 samples showed weak re-
flections (~ 16.4°, Figure 1b), violating the body-centering
condition (h + k + [ = 2n) of the ideal skutterudite structure.
These additional reflections could be indexed using the or-
dered skutterudite (R3) structure reported previously.?” 2
47 The space group and corresponding lattice parameters
obtained for the pristine sample were R3 and a =
12.3193(2)A, ¢ = 15.0972(2)A, respectively, whereas those of
the end member of the series [Co(Geo.sTeq.5)>55bo.0] Were
Im3 and a = 8.7344(1) A. The FWHM of these additional
reflections (~ 0.09°) was substantially larger than that of
the intense reflections (~ 0.04°). This anisotropic broaden-
ing of the powder X-ray diffraction peaks can be attributed
to anionic disorder. Hence, Rietveld refinements with both
ideal (Im3, Rpumg= 8.82) and ordered [space group R3,
RBrage= 3.61, Rprage= 3.41 (anisotropic)] skutterudite models
were performed on the pristine sample (Figure S1). The re-
finements in the R3 group did not result in significantly
better agreement between observed and calculated data,
regardless of the larger number of refined parameters and
the addition of anisotropic broadening parameters.

The shift of the diffraction peaks toward lower angles
with increasing Sb substitution indicates an increase of the
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Figure 1. (a) Synchrotron XRD data for Co(Ge,sTeos);xSbx (x = 0-0.20) compounds. (b) Logarithmic plot of XRD data showing the
peak shift and phase transition (blue highlight and arrow symbol) occurring in the system. (c, d) Variation of lattice parameter (c)
and crystallite size (d) with Sb concentration for Co(GeosTes.5);-xSbx (x = 0-0.20) compounds. (e, f) HRTEM images (left panels) and

SAED patterns (right panels) of (e) pristine Co(GeosTes.5); and (f) Co(Geo5Teo.5)>85bo.20 sSamples. ZA stands for zone axis.

lattice parameters in the series (Figures 1a and 1b). For the
purpose of comparing the lattice parameters, all samples
were refined by the Le Bail method in the R3 space group.
The lattice parameters, shown as lattice volume, of each
sample are plotted as a function of the Sb content in Figure
1c.

Based on Vegard’s law, according to the highly linear
trend for the Sb compositions with x = 0.05-0.20, we can
conclude that the dopant was successfully incorporated in
the skutterudite structure. Using tight-binding calcula-

tions, a previous study showed that dz-pm bonding be-
tween Ge and Co atoms is responsible for the diamond-
shape distortion of Ge,Q. rings in Co(Ge,5Qo5); (Q =S,
Se).#® This is consistent with the trends observed here: the
Ge,Te, geometry shifted toward the cubic geometry of the
ideal skutterudite structure with increasing size of anions.
The transition from hexagonal to cubic symmetry induced
by the Sb substitution is beyond the scope of this study and
is currently being investigated using resonant diffraction.
The crystallite size estimated using the Scherrer equation
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was ~ 80 nm and increased with increasing Sb content (Fig-
ure 1d). The scanning electron microscope (SEM) images
of the samples Co(GeosTes5)5-+Sbx (x = 0 and 0.10) shows
the uniform distribution of the grains (Figure S3). Figure
1e (left panel) shows d-spacing values of 0.62 + 0.03 and 0.41
+ 0.02 nm assigned to the (110), and (211) planes, respec-
tively. Selected-area electron diffraction (SAED) patterns
shows the pristine sample has a lattice with R3 symmetry
[Figure 1e (right panel)]. Further, Figure 1f (left and right
panels) displays the Co(Ge,sTes5).85bo20 sample lattice,
characterized by an Im3 space group and a d-spacing of

Energy (eV)

(2]
~

Energy (eV)

D
~

Energy (eV)

0.62 + 0.02 nm assigned to the (110) plane. Notably, the
TEM and electron diffraction patterns were fully consistent
with the XRD data.

3.2. Band Structure Calculations

In order to evaluate the possible structures of the
Co(GeosTeo5)5+Sby  skutterudites, we first determined
which type of atoms would be substituted by Sb (with x =
0.0417) by calculating the corresponding formation ener-
gies. Because Co(Ge,sTe,s5); has a R3 symmetry (space

Figure 2. Band structures for Co(Geo 5T€o.5)5-xSbx with x = 0.0417, 0.083, and 0.167; CGT indicates the x = o composition, whereas
rBz-1 denotes one of the three symmetry related reduced Brillouin zone for Sb-doped structures. The zero of the energy is set halfway
between the highest valence band and the lowest conduction band (288th and 289h bands, respectively) at the I point. (a, b) BS for
configuration with one Ge(1) or one Te(1) substituted by Sb; (c) BS for configuration with one Ge(1) and one Ge(2) substituted by Sb;

(d, e) BS for configurations with Sb substituting one Ge(1) and one Te(1); (f) BS for configuration with two GeTe pairs substituted by
two Sb, pairs.



group 148), only six inequivalent positions can be substi-
tuted by Sb atoms, and the corresponding formation ener-
gies are shown in Table 1. Based on these values, we can
conclude that only Ge or Te atoms can be substituted by
Sb atoms, because the Co substitution by Sb atoms involves
a formation energy approximately 2.5-3 eV higher. Moreo-
ver, as the Sb substitution formation energies of the Ge at-
oms are approximately 0.27 eV lower than those of Te at-
oms, Ge atoms will likely be substituted by Sb atoms. The
Sb-doped Co(Ge,sTe,); was predicted to be an n-type ma-
terial, because Sb atoms have one more electron than Ge
atoms.

Table 1: Formation energies (Efom) for single Sb atom sub-
stitution.

Atom\Co- x y z Sym- Etorm
ordinate metry (eV)
Co(1) 0.000  0.000 0.745 6¢ 3.399
Co(2) 0.668 0.833 0.081 18f 3.288
Ge(1) 0.169  0.660  0.327 18f 0.467
Ge(2) 0.398 0.284  0.283 18f 0.466
Te(1) 0.613 0.732 0.232 18f 0.747
Te(2) 0.488 0.172 0.168 18f 0.738

We then considered doping with two Sb atoms (with x =
0.083) and four Sb atoms (x = 0.167) inside the unit cell,
and the corresponding formation energies are plotted in
Figure S4. For doping two Sb atoms, according to the crys-
tal symmetry (R3), Ge and Te atoms are located at Wyckoff
positions of 18f (see Table I), once we fix first Sb doping
position, we then have 18 (17) possibilities to select the sec-
ond position of Sb atom with different (same) Wyckoff po-
sition. We consider all the doping structures to perform
the calculation and found the formation energies could be
classified into four categories: (i) formation energies rang-
ing from 0.95 to 1.00 eV when two Ge atoms were substi-
tuted by Sby; (ii) formation energies falling into two ranges,
1.23-1.31 and 1.47-1.51 eV, for Sb substitution of two Te at-
oms; (iii) formation energies in the 0.52-0.57 eV range
when two separated Ge and Te atoms were substituted by
Sb; and (iv) formation energies ranging from 0.36 to 0.37
eV when a pair of neighboring Ge-Te atoms was substi-
tuted by a Sb pair. It is worth noting that the most stable
structures for doping with two Sb atoms (x = 0.083) were
those with a pair of neighboring Ge-Te atoms substituted
by two Sb atoms. Overall, the structural configurations
with one Ge and one Te substituted by two Sb atoms
showed the lowest formation energy, followed by configu-
rations with two Ge atoms substituted by Sb, and finally
structures with two Te atoms substituted by two Sb atoms
(Figure S4). The Sb substitution for one Ge and one Te
atom did not have any doping effect, because the substi-
tuted atoms have the same number of valence electrons as

the two doped Sb atoms; therefore, the overall doping ef-
fect depends on the difference of the Sb substituted Ge and
Te atoms rather than the total number of Sb atoms intro-
duced. This fact complicates the analysis of the experi-
mental data in the skutterudite Co(Ge, sTe,s);-xSby system,
because it is difficult to experimentally control the Sb-sub-
stituted Ge and Te atoms. Upon doping with four Sb atoms
(x = 0.167), we mainly consider some lowest energy doping
structures of categories (iv) with neighboring Ge-Te pairs
substituted by Sb2 pairs. The most stable structures were
those with two bonded Ge-Te pairs substituted by two Sb,
pairs, with formation energies ranging from o.71 to 0.76 eV,
which are approximately twice the formation energies
(0.36-0.37 eV) obtained for structures with one bonded
Ge-Te pair substituted by one Sb, pair (Figure S4). This in-
dicates that the pnictogen ring of GeTeSb, would become
one of the building blocks for skutterudite Co(Ge,sTe,s);-
xSb.. However, we compared the formation energies for all
the configurations discussed above, except for the one with
two Te atoms substituted by two Sb atoms, and all for-
mation energies were within the 0.35-1.00 eV range; there-
fore, all configurations should be considered in order to in-
terpret the experimental data. The fundamental question
that needs to be addressed is thus whether the band struc-
ture of Co(Ge,sTe,s);xSby is considerably different from
that of Co(Ge,sTeos);. To answer this question, we calcu-
lated the electronic band structure for different configura-
tions, as shown in Figure 2. The band structures for all Sb-
doped Co(GeosTeos); compositions were almost un-
changed or only slightly different compared to that of
Co(GeosTeos);, and the three broken-symmetry band
structures related to the reduced Brillouin zone (rBz-1, rBz-
2, and rBz-3), due to Sb doping, were very similar to each
other (Figure Ss). These findings simplified and, more im-
portantly, justified the use of the rigid band approxima-
tion# to predict, explain, and compare the theoretical re-
sults with the experimental measurements reported in the
latter section.

3.3. Thermoelectric Properties

3.3.1. Electronic Transport

The temperature dependence of the electrical conduc-
tivity of the Co(GeosTeos);+Sby (x = 0-0.20) series from
room temperature (RT) to 773 K is presented in Figure 3a.
The pristine Co(Ge,sTe,5); sample showed a semiconduc-
tor-like behavior, consistent with the report by Kaltzoglou
et al.,*® with the electrical conductivity increasing with in-
creasing temperature. The influence of the Sb incorpora-
tion in the ternary Co(GeosTe,s); skutterudite was re-
flected not only in the temperature dependence, but also
the absolute value of 0. Nevertheless, a more complex sce-
nario emerged as we further analyzed the carrier concen-
tration n and mobility y,. The room temperature value of
n increased from 9.7 x 107 to 4.2 x 10*° cm~3as x increased
from o to o0.20. In theory, donating one electron into the
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Figure 3. Temperature dependences of (a) electrical conductivity, (b) carrier concentration and mobility at RT, (c) Seebeck coeffi-
cient, and (d) power factor for the Co(GeosTeos);xSby (x = 0-0.20) series.

Co(Geo5Te, 5); hexagonal unit cell (x = 0.0417) should gen-
erate an electron concentration of 5.039 x 102 cm3; this
would indicate the presence of 0.834 electrons doped in the
system at x = 0.20. Because the Sb doping led to n rising
from 9.7 x 107 to 4.2 x 10*° cm™3 as x increased from o to
0.20, the electrical conductivity would be expected to in-
crease by one or two orders of magnitude, as seen in Figure
3a. On the other hand, the corresponding carrier mobility
U, showed a local maximum at x = 0.05 and then decreased
in higher Sb-substituted samples. The carrier mobility
could be hindered by the appearance of a GeTe phase, as
observed in the x = 0.10, 0.15, and 0.20 samples. Compared
to the binary skutterudites, all samples showed a much
lower carrier mobility, which could be attributed to the
large electronegativity difference of the constituent ele-
ments. In such materials, atom-to-atom charge fluctua-
tions are known to increase the charge carrier scattering
and thereby reduce the carrier mobility.?

The temperature dependence of the Seebeck coefficient
for the Co(Ge,sTess);«Sby series is shown in Figure 3c.
From RT to 773 K, the Seebeck coefficient was negative for
all compounds, indicating that electrons were the major
carriers. The pristine Co(Ge,sTe,s); sample (x = o) had a

much higher Seebeck coefficient magnitude at room tem-
perature, and became an intrinsic semiconductor above
373 K. Such mixed conduction behavior in ternary
skutterudites has been previously attributed to the sub-
stantially different effective masses of the conduction and
valence band edges.>* However, for all Sb-containing com-
pounds, the absolute value of the Seebeck coefficient in-
creased monotonically with the temperature up to 723 K.
On the other hand, the magnitude of the Seebeck coeffi-
cient decreased with increasing Sb content, due to the in-
crease in carrier concentration. The power factor was cal-
culated by multiplying the squared Seebeck coefficient by
the electrical conductivity (Figure 3d). The maximum
power factor obtained for pristine Co(Ge,sTe,s); was 0.7
pW cm™ K= at 573 K. Adding Sb resulted in a substantial
increased power factor, and the maximum value of15.6 yW
cm™ K= was found for the x = 0.10 sample at 723 K.

In order to investigate the electrical properties in rela-
tion to the complex electronic band structure, a Pisarenko
plot (Figure 4a) was drawn using the doping-dependent
Seebeck coefficients at room temperature. In typical de-
generate semiconductors, the relationship between S, mg*,
and n can be expressed as:
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where kg is the Boltzmann constant, e is the electron
charge, fi is the reduced Planck constant, r is the scattering
parameter (r = o for acoustic phonon scattering), and mg*
is the effective mass obtained from Seebeck measurements
according to the single parabolic band (SPB) model.

The pristine Co(Ge,sTe,s); exhibited a low carrier con-
centration of ~ 1 x 10® cm™3. Based on the Seebeck meas-
urements and the SPB model in Equation (1), the pristine
Co(GeosTe,5); showed a light-mass behavior (~ 0.2 me).
Both the carrier concentration and effective mass in-
creased with the Sb content in Co(GeosTe,s);; ms* was
equal to 4.8 m. for the x = 0.2 sample, clearly showing that
at higher carrier concentrations the heavy band dominated
the electrical transport (as shown in Figure 4a). The elec-
tron transport properties of a material strongly depend on
its electronic structure.

As discussed in section 3.2, the overall shape of the band
structures of the Sb-doped materials were similar (espe-
cially in the conduction band region) to that of pristine
Co(GeosTe,5);. Therefore, a theoretical analysis using the
rigid band approximation is expected to be accurate. Based
on the density functional theory (DFT)-calculated band
structures, when the Sb content x increased from o to 0.083
and 0.167, the effective mass of the CBM increased from
0.42 m. to 0.57 m. and 1.33 m,, respectively. Similar trends
were also observed in n-type CoSb; (Yb-filled CoSb;).o
Moreover, the second conduction band (SCB) is essential
for electrical transport in n-type CoSb;, and at high tem-
perature the transport occurs in both bands, resulting in
exceptional  thermoelectric =~ performances.®  For
Co(GeosTe,5); with heavy electron doping (n = 3.5 x 10

cm3), the Fermi level moved up to the SCB, which was lo-
cated approximately 0.063 eV above the CBM along the
I' — L direction (Figure 4b). The SCB-CB; gap observed for
Co(Ge,sTe,5); was smaller than that calculated for CoSb,
(0.089 eV).° Furthermore, the Seebeck coefficients (solid
black line in Figure 4a) were calculated based on the pris-
tine Co(GeosTe,s); electronic structures, using the
BoltzTraP code with the rigid-band model.#> The Seebeck
coefficients decreased from 316 to 165 pV K as the carrier
concentration increased from 6 x 10" to 4 x 10*° cm3. As
shown in Figure 4a, the trends of the calculated effective
mass and Seebeck coefficients are consistent with the ex-
perimental values.

3.3.2. Thermal Transport

The experimentally measured total thermal conductivity
() values of the ternary skutterudite Co(Geo sT€o.5);-xSbx
samples (Figure 5a) showed a decreasing temperature de-
pendence for all compositions. For comparison, the exper-
imental thermal conductivity of CoSb;, is also shown in Fig-
ure 53, and its values are consistent with previous reports.>
Compared to CoSbs, all Co(Ge,sTe,s); samples showed a
dramatic decrease in thermal conductivity, attributed to
the disrupted pnictogen ring with Ge,Te, structure. At
room temperature, the (k) values decreased from ~9 W m-
1K for CoSb,to ~3 W m™ K™ for Co(Ge, sTe, 5);. The lattice
thermal conductivities (k;) of the Co(Ge,sTes.5);-«Sbx sam-
ples (Figure 5b) ranged from 3.2 to 3 W m™ K~ at 300 K, and
decreased with increasing temperature. The k; value of
Co(Ge,sTe, 5); reached a minimum of 1.88 W m™ K at 673
K. After doping with Sb, k; further decreased to 1.5 W m™
K- at 723 K for the Co(Ge,sTe,5)..4Sbo.0 sample.
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Because the lattice contribution dominates the thermal
conductivity of both CoSb; and Co(Ge, sTe, 5);, as shown in
Figure sb, we performed first-principles phonon calcula-
tions to study the lattice dynamics and understand the
origin of the dramatic reduction in thermal conductivity
upon twisting the anion ring. This analysis can reveal the
actual mechanism for the reduction of «; after disrupting
the anion rings in the skutterudite structure. The calcu-
lated phonon dispersion spectra of CoSb; and
Co(GeosTe,5); (Figures 5c¢ and s5d, respectively) are con-
sistent with previous theoretical studies3+ > The corre-
sponding calculated k; values are shown in Figure se.
These theoretical values are in good agreement with the
experimental data, with slight differences likely due to ad-
ditional scattering by nanoscale grains and impurities.
Moreover, the Raman modes of the Co(Ge, sTe,s); samples,
as calculated from the phonon spectra, are consistent with
the experimental Raman measurements (Figure S6). To
obtain further insight into the mechanism behind the dif-
ferent phonon thermal transport in CoSb; and

Co(Ge,sTe,5);, we conducted a detailed analysis of their
phonon-related properties.

In the single-mode relaxation time approximation (RTA)
solution to the Boltzmann transport equation, the lattice
thermal conductivity tensor can be written in closed form
as follows:46

1
ky= - XaGua® %5 M (2)
0

where V, is the volume of a unit cell, C, is the mode-de-
pendent heat capacity, and v; and 7;*T are the group ve-
locity and phonon lifetime of phonon mode A, respectively.
This indicates that any change in the mode heat capacity,
group velocity, or phonon lifetime has a significant effect
on k;. The C; and v, parameters can be calculated within
the harmonic approximation. Owing to their similar crys-
tal structure and number of atoms, the two samples
showed similar phonon dispersion curves with minor dif-
ferences; for instance, the first optical mode at the I' point
of Co(Ge, sTe,s); was lower than that of CoSb,, due to the
atomic mass difference between Ge, Te, and Sb atoms.
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These minor differences were reflected in the similar mag-
nitudes of the calculated heat capacity and phonon group
velocities, as shown in Figure Sy. This indicates that the
slight increase in the C, and v, values is insufficient to ex-
plain the observed decrease in k;; thus, the phonon life-
time, as the only quantity left in Equation (2), must be sig-
nificantly reduced in the anion-disrupted ternary
skutterudites.

The frequency-dependent phonon lifetimes of the
acoustic and optical phonon modes at room temperature
for both CoSb, and Co(Ge,sTe,s); are presented in Figure
6a. The comparison highlights an evident reduction in the
phonon lifetimes for the ternary skutterudites, confirming
that the increased scattering rate (7;') was the main rea-
son for the observed reduction in x;. In addition, the in-
creased scattering rate was only observed for the low-fre-
quency (up to 3 THz) phonon spectrum. At room temper-
ature, the low-frequency (up to 3 THz) phonons associated
with the pnictogen ring vibrations represent the main con-
tribution to the k; of CoSb,.5 This clearly indicates that the
vibrational modes associated with the twisted Ge,Te, rings
caused significant scattering of the low-frequency phonons
and inhibited heat transport in the ternary skutterudites.
The temperature dependence of the zT values of the
Co(GeosTeo 5)5-+Sby series is shown in Figure 6b. The com-
bination of enhanced power factor and moderately low
thermal conductivity resulted in a maximum zT, which in-
creased from ~ 0.02 for Co(Ge,sTe,s); to 0.65 for
Co(Geo.sTes.5)2.05b0.10 at 723 K.

4. CONCLUSIONS

In this study, we reported for the first time the thermo-
electric properties of ternary Co(Ge,sTe, 5)5+Sby, including
ordered (0 = x =< 0.05) and ideal (010 = x < 0.20)
skutterudite structures. A rhombohedral to cubic phase

transition was found to occur upon Sb substitution. Based
on DFT results and experimental data, we showed that in-
corporating antimony into Co(Ge,sTe,s); favored the sub-
stitution of Ge rather than Te atoms and introduced elec-
trons in the system. In addition, we demonstrated that, for
heavily doped compositions, a secondary conduction band
contributed to the carrier transport along with the primary
band. The band structure of Co(Ge,sTe,s); was not altered
upon Sb doping up to x = 0.167, which justified the use of
rigid band approximation to calculate doping dependent
thermopower and effective mass, which were in agreement
with experimental data. The moderately high ther-
mopower along with enhanced electrical conductivity re-
sulted in an improved thermoelectric power factor. Fur-
thermore, we studied the lattice dynamics of binary
(CoSbs) and mixed-anion [Co(Geo sTe, 5);] skutterudites by
solving the linearized Boltzmann equation based on first-
principles anharmonic calculations. The reduction in lat-
tice thermal conductivity of mixed-anion skutterudites
was largely due to increased scattering of low-frequency
phonons. The incorporation of Sb in Co(GeosTe,s); ulti-
mately led to a 30-fold increase in the thermoelectric fig-
ure-of-merit.
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The incorporation of Sb in Co(GeosTeos); leads to more than a 20 times increase in the thermoelectric performance
by band structure engineering. This finding opens the way to new skutterudite materials with tunable electronic

properties that are desirable for thermoelectric applications.
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