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The binary CoSbjs skutterudite thermoelectric material has high thermal conductivity due to the covalent bond between
Co and Sb, and the thermoelectric figure of merit, Z7, is very low. The thermal conductivity of CoSb; materials can be sig-
nificantly reduced through phonon engineering, such as low-dimensional structure, the introduction of nano second phases,
nanointerfaces or nanopores, which greatly improves their ZT values. The phonon engineering can optimize significantly
the thermal transport properties of CoSbs-based materials. However, the improvement of the electronic transport proper-
ties is not obvious, or even worse. Energy band and charge-carrier engineering can significantly improve the electronic
transport properties of CoSbs-based materials while optimizing the thermal transport properties. Therefore, the decoupling
of thermal and electronic transport properties of CoSbs-based materials can be realized by energy band and charge-carrier
engineering. This review summarizes some methods of optimizing synergistically the electronic and thermal transport
properties of CoSb3 materials through the energy band and charge-carrier engineering strategies. Energy band engineer-
ing strategies include band convergence or resonant energy levels caused by doping/filling. The charge-carrier engineering
strategy includes the optimization of carrier concentration and mobility caused by doping/filling, forming modulation doped
structures or introducing nano second phase. These strategies are effective means to improve performance of thermoelectric
materials and provide new research ideas of development of high-efficiency thermoelectric materials.

Keywords: CoSbs-based skutterudite materials, energy band engineering, charge-carrier engineering, thermo-

electric properties
PACS: 73.50.Lw, 84.60.Rb, 74.25.F—, 74.25 fc

1. Introduction

The development of environment-friendly renewable new
energy and energy conversion technologies has attracted ex-
tensive attention of global researchers. Thermoelectric (TE)
conversion is an environmentally friendly new energy con-
version technology, which mainly uses the Seebeek, Peltier
and Thomson effects of materials to realize mutual conver-
sion of thermal and electronic energy. It has wide application
prospects in the fields towards TE power generation recycling
and TE refrigeration of dispersive heat sources, such as solar
energy, industrial waste heat, and car exhaust waste heat.!!-?]
TE properties exist in a kind of functional materials that use
the movement of carriers inside to achieve mutual conversion
of thermal and electrical energy. The comprehensive transport
properties of TE materials can be characterized by the dimen-
sionless TE figure of merit, i.e., ZT. ZT = SZGT/ K, where
S is the Seebeck coefficient, ¢ is the electrical conductivity,
K is the thermal conductivity, and T is the absolute temper-
ature. The k is composed of electronic thermal conductivity
(xg) and lattice thermal conductivity (ki ). TE materials can be

divided into low temperature (< 500 K), medium temperature

Corresponding author. E-mail: zhiyuanliu826 @ahut.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac6ee8

(500-900 K) and high temperature (> 900 K) TE materials
according to the service temperature.

Among many medium-temperature TE materials, 310!
skutterudite!' =2 is one of the most promising TE materials.
The binary CoSbs skutterudite TE material has high thermal
conductivity and low ZT value due to the covalent bonding
between the framework atoms.!?!! Phonon engineering such as
low dimensionalization, 2224 the introduction of nano second

e,12>-28] nanointerfaces or nanopores,>%-3!
17,32,33

phas 1 phonon res-

onance scattering induced by filler! | has been adopted
to reduce remarkably the thermal conductivity of CoSbs ma-
terials, which significantly improves their ZT values. Al-
though the thermal conductivity can be significantly reduced
by adjusting the microstructure of the CoSbs material at the
nanomesoscopic scale, it is also accompanied by deterioration
of electrical conductivity of the material. As a result, the room
for improving the electronic transport properties of CoSbs ma-
terials is limited. Therefore, it is particularly critical to ex-
plore methods that can not only optimize the thermal transport
performance of CoSbs materials, but also improve the elec-
tronic transport performance. In recent years, some energy

3441

band engineering! I and charge-carrier engineering opti-
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5142441 have been proposed. Band engineer-

mization strategie
ing strategies mainly include band convergence and resonance
energy levels. Charge-carrier engineering strategies mainly in-
clude the optimization and improvement of carrier concentra-
tion and mobility. These strategies are effective means to im-
prove the electronic transport performance of TE materials,
and provide new research ideas of the development of high-
efficiency TE materials, which also provide a valuable refer-
ence for improvement of properties of CoSbs-based skutteru-
dite TE materials.

This review mainly summarizes some methods to opti-
mize the electronic transport properties of CoSbs materials
through energy band and charge-carrier engineering, as shown
in Fig. 1. These methods mainly include: (1) band engineer-
ing strategies of band convergence and resonance levels in-
duced by doping/filling foreign elements, (2) charge-carrier
engineering strategies of carrier concentration or mobility en-
hancement caused by alloying, element filling and the intro-
duction of nano second phase or special structure. These opti-
mization methods have greatly improved the TE properties of
CoSbs-based skutterudite materials.

CoSb;-based

Skugterudite”

Fig. 1. Energy band and charge-carrier engineering in CoSb3-based
skutterudite TE materials. Reproduced with permission from Refs. [25,
45-49].

2. Energy band engineering

In recent years, applications of energy band engineering
in TE materials have achieved fruitful results.3*#!1 Solid so-
lution alloys are formed by doping appropriate elements into
the materials. The energy band structure of solid solution al-
loys will mainly show the following two changes: (i) Energy
band degeneracy is improved. The multi-energy valley band
degeneracy N, is related to the total density of states (DOS)
effective mass m and the single band DOS effective mass my,
as shown in Eq. (1).3%3%! The increase in Ny can cause the in-
crease of mj. Then, Seebeck coefficient of the material can be

significantly improved, as shown in Eq. (2).!]

* 2/3 &
mt = Nmj, (1)

S= (8% 3eh®) miT (n/3n)*3 (r+1),  (2)

where kg is Boltzmann’s constant, / is Planck’s constant, z is
the carrier concentration, and 7 is the scattering factor. (ii) Res-

[52-541 Resonant levels will

onant energy levels are generated.
appear when the energy levels produced by the doped atom are
located in the conduction band or valence band of a semicon-
ductor matrix material. Its appearance will distort the density
of states, cause narrow peaks in the density of states, and af-
fect the transport of electrons, resulting in resonance scatter-
ing. In addition, the resonance energy level itself is a delo-
calized energy level with band conduction.’>! These factors
affect significantly the Seebeck coefficient of the material. For
CoSbs-based skutterudite TE materials, these changes of en-
ergy band structure caused by doping/filling will lead to sig-
nificant increase of Seebeck coefficient. Combined with the
strong phonon scattering induced by doping/filling, the de-
coupling of thermal and electronic transport parameters is re-
alized, which greatly improves the TE properties of CoSbs-
based materials.[%-%31 Table 1 lists the optimized Seebeck co-
efficient and ZT values of some typical CoSbs-based skutteru-
dite TE materials#647-56-59:62-65 reported in recent years by
the energy band engineering.

Table 1. The Seebeck coefficient and ZT values of some typical CoSbs-

based skutterudite TE materials optimized by the energy band engineering
in recent years.

n-type skutterudite IS|max (WV-K™1) ZTiax Ref.

Ag/In co-doped CoSbs (thin film) 200 0.65 [46]
Ing 03Co4Sby; 259 - [47]
In »6Co4Sbi, 240 1.0 [56]
In0,27C04Sb1 1.9 230 1.2 [57]
So.125C03 5Pty 5Sb12 204 - [58]
Yb,Co4Sbi, 100 1.2 [59]
YbyGa()‘15C04Sb11A95 250 1.25 [62]
Ybo.3Cag.1 Alg.1Gag.1Ing.1 Coz 75Feg.25Sb12 222 1.7 [63]
Ga()_()g7C04Sb12 28 0.7 [64]
Ni.07C00.935b2.94Teg.06 175 0.9 [65]

2.1. Energy band convergence

Energy band convergence is a method to reduce the en-
ergy difference between light and heavy bands (valence band
or conduction band) through element doping. After effective
element doping/filling, the energy gap between the light and
heavy energy bands becomes smaller, so that the heavy bands
can participate more in the transport of carriers and improve
the energy valley degeneracy Ny, which leads to a significant
improvement in the electronic transport properties of the ma-
terial.

In recent years, energy band convergence has also been

[56-651 which has greatly im-

1150

applied to CoSbs-based materials,
proved their thermoelectric properties. Tang et al.!>®! proved

that the first conduction band and the high-energy second
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conduction band of the CoSbs and doped samples (such as
Yb-filled skutterudite) were degenerated at high temperatures
through theoretical calculation and experimental investigation.
This is mainly due to the gradual decrease of the band gap
between the first/secondconduction bands (CB1/CB2) and the
valence band with increasing temperature. This result is con-
sistent with the theoretical research results of Wang et al.[*3)
and Hanus et al.,'%" as shown in Fig. 2. The convergence
of two conduction bands (CB1 and CB2) combined with va-
lence band realizes the formation of three-band mode. More
carriers participate in the electronic transport, which realizes
the improvement of high-temperature electrical performance
of the Ybg5C04Sb, material. The Fermi surface moves to
the conduction band (Fig. 2(d)) by Yb doping. In conver-
gence of the three-band mode and high-temperature double
conduction band, more carriers are involved in the transport.
The high-temperature performance of the Yb,Co4Sb> mate-
rial is significantly improved. A high ZT value of 1.2 was ob-
tained at 800 K. Shi et al.!%"! prepared a high-performance
Yb.GayCo4Sb, /3 sample in which Ga element replaced Sb
in Yb,Co4Sby; skutterudite and occupied icosahedral voids at
the same time (Fig. 3(a)). The first-principles calculation re-
sults show that double occupancy of Ga element destroys the
symmetry of the frame Sb—Sb network, splits the deep triple
degenerate conduction bands, and drives them down to the
band edge, as shown in Fig. 3(b). The charge-compensation
feature of the double occupancy of Ga element increases the
total fill fraction limit. The Fermi level is raised to the ex-
tent that the carrier is close to these features in energy by
giving this unique band structure feature and increasing the

0.0 E.(CB2)=0.313 E (CB1)=0.168

CoSb,

o

HP N

(c) 0.36
0.30/_A

__024%

S

2 0.18}

o [

W12}
006} =

Yby 25C0,Sb,,

CB1

0 e CB2 4 CB3
0 100 200 300 400 500 600 700
Temperature (K)

(b) 0.4

Yb filling content. The participation of these heavier energy
bands in electron transport increases the Seebeck coefficient
and carrier effective mass. In addition, the localized distor-
tion caused by the Ga/Sb substitution enhances phonon scat-
tering and effectively reduces the lattice thermal conductivity
[Fig. 3(c)]. The highest ZT value of the Yb,Ga,Co4Sby; /3
sample reached 1.25 at 780 K [Fig. 3(d)]. Zhang et al.®%]
synthesized a Cojz 75Fep25Sb1, skutterudite TE material filled
with five elements of Yb, Al, Ga, In, and Ca by using the melt-
ing spinning combined with SPS sintering technology (MS-
SPS) (Fig. 4(a)). Five elements are filled into the icosahedral
nanvoids of skutterudite, resulting in the comparable energy of
multiple energy bands at I" and H points and the convergence
of energy bands (Figs. 4(c)—4(d)). Effective band convergence
increases the electronic density of states of the multi-filled
skutterudite near the Fermi level, resulting in the increase of
the Seebeck coefficient. Specifically, the Seebeck coefficient
of the multi-filled Ybg3Cag Aly.1Gag 1Ing 1 Cos.75Feg25Sb),
sample is higher than that of the Ybg 35C0375Fe( 25Sbi> sam-
ple at similar carrier concentrations, as shown in Fig. 4(b). At
the same time, the microstructure shows that more nanoparti-
cles, dislocations, and lattice strain fields are formed in multi-
filled skutterudite material (Fig. 4(a)). These microstructures
can strongly scatter broadband phonons, resulting in a signif-
icant reduction in lattice thermal conductivity of the material.
As aresult, the ZT value of the five elements-filled skutterudite
material reached 1.7 at 823 K. Therefore, it is a very effective
means to improve the TE properties of CoSbsz-based materials
by the energy band convergence induced by doping/filling.

\§ © \ "\ &
\ 4 \Y / . \\ Y
0.1 \ J/ \| 0.08 % W-Ili
\[, W ).009
00 V ook 300 K 700 K
Ybg25C0,4Sby;
0.1 I
N r PN T PN T P
3

E-E/(eV)

0

- ]
Increase E, —>

Fig. 2. (a) Band structure of the CoSbs; (b) band structures of Ybg25C04Sbi, sample at 0 K, 300 K and 700 K; (c) band gaps as functions
of temperature for Ybg 25C04Sbi, sample. Reproduced with permission from Ref. [45]. (d) Band structures of the CoSbsz and Ybg25C04Sbia

samples. Reproduced with permission from Ref. [60].
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Fig. 3. (a) Scanning transmission electron microscope-high angle annular dark field (STEM-HAADF) image of Yb,Ga,Co4Sby, /3 sample;
(b) first-principles band structure calculation of Ybg 25C04Sb, and Ybg25Gag25C04Sby; 875Gag. 125 samples; (c) lattice thermal conductivity
of YbyGap2Co4Sby1.9333 (x =0, 0.05, 0.10, 0.15, 0.26) and Ybg.26C04Sb)2; (d) ZT' value of Yb,GayCosSby,_, 3 samples with different Yb

and Ga concentrations. Reproduced with permission from Ref. [61].
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Fig. 4. (a) TEM image of the Ybg3Cag AlyGag 1Ing 1Cosz 75Fen25Sbio sample; (b) the relationship between the Seebeck coefficient and
the carrier concentration (ny) of the Ybg3Cag 1 AlyGag 1Ing 1 Co3.75Feg 25Sb12 sample. Band structure of (c) Ybg 25Co375Fe25Sbi2 and (d)
Ybo.25Alp 125Gag. 125100, 125C03 75Fe( 25Sb12. Reproduced with permission from Ref. [62].

2.2. Resonance levels

Resonance levels refer to the introduction of impurity lev-
els in the matrix material through element doping/filling. The
introduction of impurity levels can cause local “convexity” in
the density of states g(E) near the Fermi level Ep, as shown in

Fig. 5. That is to say, the introduction of impurity atoms causes
the resonance energy level (impurity state) in the conduction
band or valence band of the TE matrix material, resulting in
the distortion of the density of states near the Fermi level and

the narrow peaks (convexity) in the density of states, which
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ultimately affects electron transport. According to the follow-
ing Mott formula,[%! the Seebeck coefficient is proportional
to the density of states near the Fermi level. The steeper the
density-of-states curve, the greater the slope, and the greater
the Seebeck coefficient. The Seebeck coefficient S(n) can be
maximized under a given carrier concentration n, thereby max-
imizing the power factor §?>¢.151]

S= gk?B(kBT) {d [In E;;E))] } : 3)
62 2
of)= [ LU= NNEE @

where N(E) is the density of states; o(E) is the differential
electrical conductivity, which is used to describe the contribu-
tion of electrons with energy E to the overall electrical con-
ductivity, as a function of the Fermi level; 7 is the scatter-
ing time; L is the scattering distance (mean free path); and
f is the Fermi—Dirac function. The resonant levels can also
be achieved by introducing impurity atoms into the CoSbs-
based TE material, which changes the density of states near
the Fermi energy of the material and realizes the regulation of
electronic transport performance. [46-47]

g(E)

Fig. 5. Schematic representation of the density of electron states (DOS)
g(E) of TE semiconductors containing impurity energy levels (red line)
and without impurity energy levels (dashed line). I" is a narrow energy
range, Ef is the Fermi level.

Zheng et al.'*! used magnetron sputtering to prepare n-
type Ag/In interstitial co-doped CoSbs-based TE films. Ac-
cording to the first principle calculation results, compared with
the undoped CoSbs TE film (Fig. 6(a)), the resonance impu-
rity level and the highest peak of DOS appear near the Fermi
level for the interstitial Ag doped and Ag/In co-doped CoSbs
TE film samples, which makes the electrons near the Fermi
level more localized (Figs. 6(b) and 6(c)). The enhancement
of DOS near the Fermi level caused by the impurity levels
results in a higher S value (Fig. 6(d)). In addition, the res-
onant impurity levels caused by Ag and In doping make the
DOS near the Fermi energy wider, resulting in the increase
of electrical conductivity (Fig. 6(e)). Due to the increase in
S and electrical conductivity, the power factor values of the
doped samples increase significantly (Fig. 6(f)). The TE prop-
erties of doped samples are significantly higher than other TE
films.["-70 Zhao et al.™*") studied In-filled skutterudite TE
materials through x-ray absorption fine structure spectrum, x-
ray photoelectron spectroscopy, TE transport test and theoret-
ical calculations. It was found that the electronic and thermal
transport properties of materials can be regulated synergisti-
cally by the heat-carrying phonon-localized resonant scatter-
ing (Fig. 7(a)), accelerated electron movement (Fig. 7(b)) and
increase in density of states near the Fermi level (Fig. 7(c))
when the In atoms are filled into Sby, icosahedral void of the
CoSbs material. The doping of In atoms in the CoSb; mate-
rial causes resonance impurity levels, resulting in the signifi-
cant increase of the density of states near the Fermi level and
Seebeck coefficient (Fig. 7(d)). Therefore, it is also a very
effective means to improve TE properties of the CoSbs-based
materials by doping to produce resonant energy levels and then
increase the density of states near the Fermi level.

0.5, P -
s e
?0.0 .................... ‘ToIBIDUS \\‘ ......... . \___N_‘\’— =
& © Impurity band Impurity band I
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—SH o~
o M H N 0 pos 3 R H 10 DOS 3
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—O— 0.2 % Ag single-doping i —O— 0.2 % Ag single-doping 3 —O— 0.2 % Ag single-doping
02%Ag+33%In @ s 70F A 02%Ag+33%In —— 02%Ag +3.3%In
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Fig. 6. Calculated band structures and DOS of (a) undoped, (b) interstitially Ag-doped and (c) interstitially Ag/In Co-doped CoSbs3 thin film.
The temperature dependence of (d) S, (e) o and (f) 520 of as-fabricated CoSbs thin films with different Ag and In doping concentrations.

Reproduced with permission from Ref. [46].
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total DOS and partial DOS near VBM and CBM of CoSbs and Ing 125C04Sby2; (d) Seebeck coefficient as a function of carrier concentration
for n-type filled CoSb3 at room temperature. Reproduced with permission from Ref. [47].

3. Charge-carrier engineering

In semiconductor TE materials, carrier concentration and
mobility are two parameters closely related to the electronic
transport properties of materials. The optimization of these
two parameters is an important part of carrier engineering.
Doping in a TE material matrix to form solid solution al-
loy usually affects the carrier concentration of the matrix.
High performance solid solution TE materials can be obtained
by optimizing the doping amount and adjusting the carrier
concentration.!”-”?! In addition, the carrier mobility of the ma-
trix material can be significantly improved without reducing

44481 forming

the carrier concentration by modulating doping, !
a textured structure!’3! or percolating carrier transports,!’#! so
that the matrix material can obtain higher electronic transport
properties.

For CoSbs-based skutterudite TE materials, the regula-
tion of carrier concentration is usually achieved by means
of element filling!!”-7>71 or doping to form solid solution
alloys.!”778] Element filling usually fills alkali, alkaline earth
and rare earth metals and even electronegative elements!”’]
into the Sby, icosahedral voids of skutterudite materials to
form filledskutterudite. Filling atoms are doped as donor dop-
ing. The optimal carrier concentration can be obtained by ad-
justing the doping amount, which further optimizes the elec-
tronic transport properties of the material. The solid solution
alloy can be formed using foreign atoms to replace the frame-
work atoms Co or Sb of the skutterudite material. The dop-

ing of foreign atoms can adjust the carrier concentration of

the solid solution and improve its electronic transport perfor-
mance. Recently, it is found that the introduction of magnetic
nanoparticles into the CoSbs-based matrix materiall!6-2>-80]
can also regulate the carrier concentration and improve the
electronic transport properties of the matrix by using the mag-
netic phase transition of the magnetic nanoparticles. It is worth
noting that the introduction of the second phase material into
the CoSbs-based skutterudite matrix material can significantly
improve the carrier mobility of materials by using the modu-
lated doping structures, 8183 large grain size or low-energy
grain boundaries!®*! between the second phase and the matrix
phase. In addition, the filling of foreign atoms can strongly
scatter the heat-carrying phonons through the rattling of the
filling atoms. The point defect and mass fluctuation of solid
solution caused by replacement atoms can also strongly scat-
ter the heat-carrying phonons. These changes caused by the
filling and replacement of foreign atoms significantly reduce
the lattice thermal conductivity. Combined with the regulation
of the carrier transport characteristics of the material by the
filling or doping of foreign atoms, the synergistic optimiza-
tion of electronic and thermal transport properties of CoSbs-
based materials can be finally realized. Table 2 lists the opti-
mized carrier concentration, mobility, and ZT values of some
typical CoSbs-based skutterudite TE materials!>7-0381-911 re.
ported in recent years. The carrier concentration or mobility
of these materials has been optimized by means of filling, dop-

ing, nanocomposite or modulation-like doping.
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Table 2. The carrier concentration, carrier mobility and ZT value of some typical CoSbs-based skutterudites TE materials optimized by the

charge-carrier engineering in recent years.

Samples n (1020 cm=3) T Ref. Samples u (cm?-V.s~1) zT Ref.
In0A3C04Sb11}9 1.74 1.2 [57] 0.2wt% Ni/Yb0‘2CO4Sb12 61.3 1.07 [8 1]
Gayg,1Co4Sbys 0.60 0.7 [63] Yby.21Co4Sb;2/0.32CoAl 40.8 1.36 [82]
0.2wt% Ni/Ybg 2Co4Sbi2 1.22 1.07 [81] 2wt% BST/Yby 2Co4Sbi2 45 0.96 [83]
Ybp.21Co4Sb12/0.32CoAl 3.62 1.36 [82] Bayg.15Ybg 3C04Sb144+20%Sb 48.1 1.53 [84]
Bag 15 Ybo3C04Sb14.4+20%Sb 3.60 153 [84]  Ag/Bag3CosSbin 35.9 1.0 [88]
Y0_1C60‘15C04Sb12 3.75 1.18 [85] COSb2.75G60.05T60_2 194 1.1 [89]
Yb0_26C04Sb12 6.50 1.2 [86] Ba0,3 Yb0,3C03_6F60'4Sb12 16 1.35 [90]
FC()_2CO3_ng11_5TB()_5 3.0 1.3 [87] Z%CCO+IHO_25CO4Sb12 34 1.4 [91]

3.1. Carrier concentration

There is a close correlation between the carrier concentra-
tion of TE materials and other TE physical parameters (except
lattice thermal conductivity), as shown in Fig. 8. It can be seen
that the TE materials can obtain a higher ZT value if the car-
rier concentration is adjusted to an appropriate value (~ 10'°—
10%° cm™3). Shi er al.!"”! prepared high-performance multi-
filled CoSbs materials. Multifilled elements (Ba, La, Yb) were
introduced into a CoSb3; material, and the carrier concentration
of the multifilled CoSbs material was regulated by optimizing
the filling fraction of these filling atoms. The sample with
the highest ZT value (1.7@850 K, Fig. 9(a)) corresponds to
the optimized carrier concentration of 3.66x 102 cm™3. This
carrier concentration is located in the high power factor re-
gion (Fig. 9(b)). Furthermore, the sample with the optimal
carrier concentration can scatter broadband phonons due to
the rattling of the multi-filled atoms in the Sb;, icosahedral
void of CoSbs, resulting in the lowest thermal conductivity
(Fig. 9(c)). Therefore, this sample has the highest TE trans-
port properties (Fig. 9(a)). Anno et al.”’! studied the effect of
partial substitution of Co with different elements M (M = Ni,
Pd, Pt and Pd+Pt) on the TE properties of CoSbs materials
(Coj_xM,Sbs). The carrier concentration of the solid solution
can be regulated by optimizing the doping amount of M el-
ement (Fig. 9(d)), and then a high-performance Coj_,M,Sbs
solid solution TE material can be obtained.

Klat
L L 1 A 1

107 108 10" 102 10%'
n (cm-3)

S, o, 820" Keler Kiatr K ZT

Fig. 8. ZT and its related parameters as a function of carrier concentra-
tion. Reproduced with permission from Ref. [48].

Zhao et al.'®! prepared magnetic nanocomposite TE ma-
terials by introducing BaFe 2,019 hard magnetic nanoparticles

(BaM-NPs) into n-type (Ba, In) double-filled CoSbs matrix
materials. BaM-NPs in the ferromagnetic state can capture
electrons of matrix due to its strong micro-magnetic field when
the working temperature of the magnetic nanocomposite mate-
rials is lower than the Curie temperature of BaM-NPs, which
only reduces the carrier concentration (Fig. 10(a)). There is
no abnormality in the relationship between the electrical con-
ductivity/Seebeck coefficient of the composite material and
the temperature. When the working temperature exceeds the
Curie temperature, BaM-NPs in the paramagnetic state re-
lease trapped electrons because of the disappearance of the
micro-magnetic field, resulting in the significant increase of
carrier concentration (Fig. 10(a)). The electrical conductivity
and the Seebeck coefficient of the composite exhibited anoma-
lous transport phenomena different from those of the matrix
(Figs. 10(b) and 10(c)). BaM-NPs play the role of an ““electron
repository” before and after the ferromagnetic-paramagnetic
transition. When the curie temperature of BaM-NPs is close
to the intrinsic excitation temperature (~ 675 K) of the filled

s

CoSbs matrix, the “electron repository” effect of the mag-
netic nanoparticles in the ferromagnetic-to-paramagnetic tran-
sition can effectively regulate the carrier concentration and in-
hibit the deterioration of TE performance under intrinsic ex-
citation of the matrix (Fig. 10(d)). Our research group!®!
also introduced BaM-NPs into an In single-filled CoSbs ma-
trix material and used its electron repository effect to regu-
late the carrier concentration of the Ing5C04Sbi; matrix ma-
terial (Fig. 10(e)). The purpose of suppressing the perfor-
mance degradation of the intrinsic excitation region for the
filled CoSbs material is also achieved (Fig. 10(f)). Zhao et
al.l'%1 also introduced soft magnetic Co (Fe or Ni) nanoparti-
cles into the (Ba, In) double-filled CoSbs matrix (Fig. 10(g)).
Using the different work function between the soft magnetic
metal nanoparticles and the skutterudite semiconductor mate-
rial, the transfer of electrons from Co nanoparticles to skut-
terudite semiconductor is realized (Fig. 10(h)), which regu-
lates the carrier concentration of the matrix and significantly
improves the electrical conductivity of magnetic nanocompos-
ites (Fig. 10(i)). Therefore, forming solid solution by doping,
filling or introducing magnetic nano second phase is an ef-
fective means to optimize the carrier concentration of CoSbs-
based materials and further to improve their TE properties.
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Fig. 9. (a) Temperature dependence of ZT for Ba,La, Yb,,Co4Sb;> multi-filled skutterudites; (b) carrier concentration as a function of (1.7, ¢; x
;) for partially filled CoSbs, where g; is the effective charge state and y; is the filling fraction of the ith filler in multiple-filled skutterudites.
The red lines enclose the estimated high power factor region; (c) temperature dependence of total thermal conductivity for Ba,La, Yb,,Co4Sb;>
multi-filled skutterudites. Reproduced with permission from Ref. [17]. (d) Hall carrier concentration at room temperature as a function of
composition x for Coj_M,Sbz (M = Ni, Pd, Pt and Pd+Pt) samples. Reproduced with permission from Ref. [77].
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with permission from Ref. [80]. (g) Field emission scanning electron microscopy (FESEM) image of the xCo/Bag 3Ing 3C04Sb;, sample with x = 0.2%
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3.2. Carrier mobility

Filling and alloying are an important means to regulate
the carrier concentration of CoSbs-based skutterudite materi-
als. Filled and alloyed CoSbs-based skutterudite materials are
generally heavily doped semiconductors, and their carrier con-
—3. High
concentration of ionized impurity scattering in heavily doped

centrations are mostly in the range of 10'°-10%! cm

semiconductor materials is unfavorable to the improvement
of carrier mobility.”) In order to weaken ionized impurity
scattering and to obtain higher carrier mobility, the concept

Undoped

(@)

Modulation doping

of modulated doping!®’! have been proposed. This method
is mostly used in thin-film materials.[®*! For bulk materials,
the heavily doped second phase can be locally embedded in
the matrix phase to form the modulation structure. Combined
with energy band modification, carriers of heavily doped re-
gion are spatially separated from the matrix atoms and can
move freely into undoped particles (Figs. 11(a) and 11(c)). 48]
Therefore, the modulation doping will reduce the effect of
ionized impurities on the carriers compared with conventional
uniformly doping, resulting in a significant increase of the car-

rier mobility. [+’]

Uniform doping

‘i’i:"» ks

R
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Fig. 11. Schematic representation of (a) nondoped semiconductor, (b) schematic representation of modulation doping, where two types of
grains consisting of nondoped and heavily doped semiconductors are spatially separated and (c) schematic representation of uniform doped
semiconductor, where dopants are uniformly dispersed in the host matrix. Reproduced with permission from Ref. [48]. (d) BSE image of an
Ao.5Bg.5 sample showing nano-crystalline grains; (e) colors (red: Yb-rich grain-Ag s; blue: Yb-deficient grain-Bg 5) highlight the features of
BHI structure; (f) schematic picture showing carriers transmission in the Ag 5B 5 sample; (g) room-temperature Hall carrier mobility (ty) as
function of Yb content for the A, B, C and A 5B 5 samples; Temperature dependences of (h) power factor (PF) and (i) ZT values for A, B,

A 5Bo.s and C samples. Reproduced with permission from Ref. [49].

Nie et al!*!

filled skutterudite bulk material with a heterojunction
(BHJ) structure. This material with the BHJ
ture is composed of two n-type filled skutterudite ma-
terials (A: Ybg3Cag Aly1Gag Ing Fepr5C0375Sbip; B:
Ybo.lCa(),lAl()‘lGao.11n0A1Fe()_25C03.75Sb]g) with differ-
This BHJ material (labeled
Aps5Bos) with rich nanostructures was prepared by mix-

successfully prepared an n-type

struc-

ent Yb filling fractions.

ing and annealing two Yb filled skutterudites for A and

B volume ratio of 1:1 (Figs. 11(d) and 11(e)). For

comparison, C material with nominal composition of
Ybg2Cag 1 Alg.1Gag.1Ing 1 Fep25Co3.75Sb2 was also prepared.
C material and Ag 5B 5 material have similar carrier concen-
trations due to the similar Yb filling fraction. The structure of
the Ay 5Bo.5 sample is similar to the modulated doping struc-
ture in Fig. 11(b), as shown in Fig. 11(f). The C material struc-
ture is similar to the uniformly doped structure of Fig. 11(c).

Under the same carrier concentration, the carrier mobility of
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the AgsBo.s sample is significantly higher than that of the C
sample (Fig. 11(g)), which is attributed to the modulated dop-
ing structure of the AgsBgs sample. In this BHJ structure,
the dark red region has a higher carrier concentration, and
the light red region has low carrier concentration, forming a
concentration gradient. In order to achieve equilibrium, the
carriers will be rapidly transported from the dark red region
to the light red region (Fig. 11(f)), which greatly improves the
mobility of the AgsBg.s material. Due to its rich nanostruc-
ture and high mobility, the Ay 5B 5 sample has high electronic
transport properties (Fig. 11(h)) and low lattice thermal con-
ductivity. Therefore, compared with other samples (A, B and
C), the A 5B¢ 5 sample has the best TE properties (Fig. 11(i)).
Fu et al.Bl prepared Ni-doped Ybg,Co4Sby, skutterudite
with a special “core-shell” microstructure. The difference in
Ni contents between the special core-shell nanograins and the
skutterudite matrix grains also forms a similarly modulated
doping structure. Ni replaces the Co sites of skutterudite in
the core-shell nanograins, so that the core-shell structure has
a high carrier concentration, while the matrix grains have a
lower carrier concentration. Therefore, a carrier concentra-
tion gradient is generated in Ni-doped Ybg,Co4Sbyy skut-
terudite. In order to achieve equilibrium, the carriers are
rapidly transported from the core-shell nanograins to the nor-
mal matrix grains, which greatly improve the mobility of
the material (matrix sample: 23.44 cm?-V~'.S~! 0.2 wt%
Ni/Yby,Co4Sby; sample: 53.17 cm?-V~—1.871),
al.’8] also prepared Ybg2Co4Sbi2-Big4Sb; ¢Tes nanocom-

Peng et

posites with similar modulation doping structure. Compared
with the Ybgp2Cos4Sb, matrix material, the composite mate-
rial has higher carrier mobility. This is mainly due to the fact
that the Big 4Sb; ¢Tes material with high mobility in the com-
posite material is dispersed in the matrix with low mobility to
form a structure similar to that of modulation doping.

In addition, the structure of large grain size and low
energy grain boundaries can also significantly improve the
carrier mobility of the material. Qin er al.!®* success-
fully prepared (Ba, Yb) double-filled CoSb; materials with
excessive Sb by liquid-phase compaction method. Un-
der the same carrier concentration, the carrier mobility of
the Ba,Ybg 3C04Sb12+20%Sb sample is significantly higher
than other reported double-filled or multi-filled skutterudite
materials.[7>%~%7] The excellent carrier mobility is mainly at-
tributed to two aspects: On the one hand, the samples prepared
by liquid phase compaction method have large grains. Accord-
ing to the Ostwald ripening theory,”®! larger grains tend to
gobble up smaller grains, which will accelerate the transport of
carriers. On the other hand, low-energy grain boundaries with
dense dislocation arrays have no negative effect on electron
transport, even positive effects. This has also been reported

[99-101

in other material systems. I Therefore, it is an effective

method to increase the carrier mobility of CoSbs-based mate-
rials by forming modulation doped structures or preparing the
structures with large grains and low-energy grain boundaries.

4. Summary and perspectives

This review summarizes some main research progresses
in recent years to optimize the TE transport properties of
CoSbs-based materials through energy band and charge-
carrier engineering. The Seebeck coefficient of CoSbs-based
materials was significantly improved by the band engineering
of band convergence and resonance levels induced by dop-
ing and/or filling. Combined with the strong phonon scat-
tering caused by doping and/or filling, the thermal and elec-
tronic transport parameters are decoupled, which greatly im-
proves the TE properties of CoSbs-based materials. In addi-
tion, the electronic transport properties of CoSbs-based ma-
terials were significantly improved by the charge-carrier en-
gineering with the increase of carrier concentration or mobil-
ity. The optimization of carrier concentration can be obtained
by forming solid solution by doping, filling or introducing
magnetic nano second phase. The increase of carrier mobil-
ity can be obtained by forming modulation doped structures
or preparing the structures with large grains and low-energy
grain boundaries. Combined with the strong phonon scatter-
ing caused by doping, filling, or the introduction of the nano-
interface, the thermal and electronic transport parameters are
also decoupled, which greatly improves the TE properties of
CoSbs-based materials. However, there are still some prob-
lems in research of energy band and charge-carrier engineer-
ing of CoSbs-based skutterudite TE materials, which need to
be further studied: (i) It is very important to further develop
new processes to prepare materials with high carrier mobil-
ity and new modulated doping structures. (ii) On the basis of
theory and experiment, further screening of appropriate dop-
ing/filling elements and nano second phase can make the en-
ergy band of CoSbs based TE materials converge significantly
or produce obvious resonance energy level. This is the key to
improve the transport properties of CoSbs based TE materials
again. It should be noted that the screened nano second phase
should have appropriate energy band matching with the CoSbs
based matrix at the phase interface and have stable physical
and chemical properties. (iii) Further screening of appropri-
ate doping/filling elements and nano second phase makes the
carrier concentration of CoSbsz based materials appear in the
optimal concentration range (10'® cm™3-10%" cm~3) and have
high carrier mobility. This is the key to improve the TE trans-
port performance of CoSbs based materials again.

In conclusion, plenty of work remains to be carried out to
further improve the TE transport properties of CoSbs-based
TE materials through energy band and charge-carrier engi-
neering. Though the challenges are pervasive, the research ac-
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tivities of TE materials are still hot all over the world. The field

of TE materials attracts more and more researchers. Interdis-

ciplinary exchanges between physicists, chemists, mathemati-

cians, material scientists and device engineers are also deepen-

ing. The interdisciplinary research of TE materials and other

disciplines are becoming more and more extensive, which will

promote the sustained and rapid growth of TE research and

future large-scale applications.
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