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Abstract

Thermoelectric power generation (TEG) is essential in new/renewable energy conversion
technology to solve the global environmental pollution and energy crisis, which have been
developed in high tech applications such as spacecraft and also have been recently applied in a
variety of fields such as car engine and watch. The performance of thermoelectric (TE) device
depends on the type of materials used and properties such as their thermal conductivity, Seebeck
coefficient, electrical conductivity, and thermal stability etc. Among the various TE materials,
skutterudite have received attention as promising material due to the high TE performance and
good mechanical properties. However, p-type skutterudites have lower TE properties than the n-
type ones, therefore to improve high efficiency of TEG device, higher performance of p-type ones
are required.

The purpose of this thesis is to enhance TE properties of p-type CoSbs-based skutterudites.
The another one is to confirm that behavior of introduced and substituted various elements (In, Ce,
Ga, Fe) in the skutterudite main phase.

In the chapter I and II, we introduced the background of thermoelectric with essentially
theoretical concepts and summarizes the experimental methods and characterize the material
investigated used in this thesis. Especially, in the chapter II, we described the the sintering
techniques and measurement techniques applied to confirm the material properties.

In the chapter III, thermoelectric properties of In single-filled p-type In,FeCos3Sbi> were
examined. All the synthesized samples showed p-type conduction of Seebeck coefficient. The
filling fraction of obtained samples was indicated that is extended to the value of x = 0.43. 1
confirmed that the increase of the In led to the reduction carrier concentration, because In provided
the system with conduction electrons through the results of Hall measurement. As a result, the
reduced lattice thermal conductivity caused by the rattling effect of filled In and the enhanced PF
with an appropriate hole concentration led to large magnitude values of z7 .

In the chapter 1V, we investigated Ce-filled (Co, Fe)Sbs as p-type Ce.Fe,Co4,Sbi2. The
samples (x = 0.8, 0.9, 1.0 and y = 3.0, 3.5) are synthesized and their TE properties are examined,
which obtained all samples indicate the p-type conduction. Consequently, I revealed that the carrier
concentration can be control by optimization of substituted Fe and filled Ce. Especially, results of
this study mean that the substituted Fe is more effective than the filled Ce for the reduction of
thermal conductivity.

In the chapter V, we try to improve the TE properties of Ce-filled (Co, Fe)Sbs by co-filling
of Ga. The samples Ga,CeFe35C00.5Sbi2.v3 in the nominal composition are synthesized and their
TE properties are examined. It is revealed that the Ga contributed to optimize the carrier

concentration as well as to decrease the lattice thermal conductivity. Furthermore, we confirmed



that the Ga occupy not only the void site but also the Sb site. Owing to these Ga contributions, the
material’s TE properties are enhanced.

In summary, the effect of various filler atoms (In, Ce, Ga) and substituted Fe on the TE
properties was compared experimentally. I confirmed that it is possible to optimize the carrier
concentration tuning the filler/substituted atoms. Furthermore, in case of (Fe, Co)Sbs, substituted
Fe/Co is more effective than the filled atom for the reduction of lattice thermal conductivity.
Consequentially, I could enhance the TE properties of p-type skutterudites through the optimization
of chemical composition.

The results in each of the studies discussed will provide valuable insight into the role of
enhancement of TE properties in their various applications and can apply to environmental,

thermoelectric designs for the development of high-performance TEG materials.
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CHAPTER 1

Introduction

1.1 Background and Motivations

Most the electricity energy that we use today are generated from fossil fuels. However,
over the last few decades, with decreasing the amounts of reserved fossil fuels and increasing the
environmental pollution such as green-house effect, significance of the renewable resources of
energy such as wind, solar, bio energy, and clean transportation, etc. is getting bigger for resolving
the today’s energy crisis. In general, the global energy use relies on thermal processes, over 40 ~
70 % of the energy used in factory, automobile, building, etc. is wasted on energy loss or waste
heat [1]. In this point of view, renewable energy conversion technologies such as solar cell, fuel
cell, and thermoelectric generation (TEG) have been regarded as alternative technology for
conventional generation, although their application is limited due to their high cost, poor stability.
Thermoelectric (TE) generators can directly convert waste heat into electricity in a variety of
application including building heating, automobile exhaust and industrial production process.
Furthermore, TE generators are extremely simple, have no moving parts, also they are silent,
scalable and reliable power generation [2].

Despite all these advantages, required to improve the TE conversion efficiency with the
TE material converts heat into electricity for practical use. Especially, the energy conversion
efficiency of TE devices is very low compared to the other renewable energy resources as shown
in Fig. 1.1 Since the 1990s, theoretical researches suggested that TE conversion efficiency could
be greatly enhanced through using nano-structural engineering, which led to variety researches to
discover the high-efficiency TE materials as shown Fig. 1.2. [3] Although a high efficiency has
been reported in the state of the art TE materials, many of these materials are impossible to practical
for commercial use because they are complex to fabricate, slow and expensive.

For commercial use of TE material, bulk materials such as clathrates and skutterudites
have been investigated and found that high efficiency could be obtained. Although, n-type bulk TE
materials have high value of a figure of merit (z7) about 1.5, but p-type bulk TE materials still have
low value of z7T less 0.8. Thus, for various commercial use of TE technology, enhancement of TE

properties is absolutely required for p-type TE bulk materials.
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Fig. 1.1. The energy conversion efficiency by various generation technologies [2].
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Fig. 1.2. The development of thermoelectric materials [3].



1.2 Introduction of Thermoelectric
1.2.1 Thermoelectric Phenomena

In 1821, Seebeck had discovered a potential difference caused by heating the junctions
between the another conductor. Fig. 1.3 represents the schematic of Seebeck effect. The Seebeck
coefficient is defined as the ratio of temperature gradient and potential difference, also known as

the thermopower S as shown Eq. (1-1).
S = lim — (1-1)

The principle of Seebeck effect can be explained that high kinetic energy carrier on the hot side
diffuse to the lower carrier energy region on cold side as shown in Fig. 1.4. The sign (positive or
negative) of the Seebeck coefficient represents the major carrier type of used material.

In 1834, Peltier discovered another thermoelectric effect as shown in Fig. 1.3(b). When
electricity current passes through a junction of two dissimilar metals there is generation or
absorption of heat. As shown in Eq. (1-2) the Peltier coefficient (/4p) is defined as the rate of

reversible heat generation Q over the current I passing through the junction.

(a) Hot side (b) Heat release
p n VT p n
il i
Cold side Heat absorption
R, —
i— [

Fig. 1.3. Schematic illustration for Seebeck effect (a) and Peltier effect (b).
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Fig. 1.4. Schematic illustration for the movement of carriers.

1.2.2 Dimensionless figure of merit

Thermoelectric (TE) devices offer a possibility to directly convert waste heat into
electricity (TE generator), thus providing a promising solution to increase the efficiency of the
energy usage in the future. The performance of a TE device is represented by the dimensionless
figure of merit (z7), which depends on the electrical conductivity (o), Seebeck coefficient (S) and
the thermal conductivity (). In here, thermal conductivity represents the x = e + xiat, where & is
the thermal conductivity of the charge carriers and xat is the thermal conductivity of the lattice
phonons. And also, electrical conductivity represents the o = nue, where n is the charge carrier

concentration, x is the charge carrier mobility and e is the elementary charge (1.602 x 107! C).
GSZ
zI = —T (1-3)
K

The combination of terms in Eq. (1-3) already defines the optimization routes to obtain
high zT materials: unfortunately, all three main parameters are interdependent, therefore any
optimization has to find the best compromise. S and o are inter-linked via charge carrier density
(n) by Mott’s formula [4]:

_ Zﬂszme
" le|lh2(3naR)?/3

(1-4)
Where me is the electron mass (9.11 x 107! kg), / is the reduced Planck’s constant (1.055
x 107 Js), and kg is the Boltzmann constant (1.38 x 102 J/K). oand « are partially connected via

the Wiedemann-Franz law [5]:

Ke = _pT (1-5)



Where L is the Lorenz number (Lo = 2.45 x 10 WQK™ for metals and degenerate semiconductor)
The overall efficiency (77) of a TE generator device depends also on the temperature

gradient between the hot (Th) and the cold side (Tc) as proposed by loffe [6]:

77 _ Ty—T¢c ZTgp+1
- T
T c
H ,/zTa,,+1+TH

involving zTay, which is the average zT in the temperature interval of the T gradient supplied. In

(1-6)

Fig. 1.5, the effects of zT for the TE conversion efficiency are showed. In here, the TE conversion
efficiency for zT value of around 1 is ~15 % and for z7 value around 3 is ~ 25 %. The zT values

over 2, have been achieved already with the state of the art TE materials currently in use.

35 - Tcold =K

A

Thermoelectric conversion efficiency (%)

I
400 500 600 700 800 900 1000 1100 1200

Hot side temperature (K)

Fig. 1.5. Temperature dependent TE conversion efficiency [7].

1.2.3 Carrier Concentration

The amounts of majority carriers in TE material determined the electrical properties as
well as Seebeck coefficient. Therefore, TE studies require the majority carrier concentration to be
optimized for prevent decrease the electrical properties due to the bipolar conduction. In general,
hall effect measurement are used to determine the carrier type, mobility, and major carrier
concentration in semiconductors of TE materials [8]. The majority carrier concentration and the
intrinsic property of the dopant further affects the carrier type and majority carrier concentration of

TE material. Especially the majority carrier concentration determines both the electrical



conductivity and Seebeck coefficient as shown in Fig. 1.6 [9]. And also, carrier concentration of
TE material is determined by the major carrier concentration doping elements, and temperature.[10]
Experimentally, it have been found that with increasing temperature, the carrier concentration is
increase. And also, the major carrier mobility act significant role in

determining electrical conductivity. The mobility of TE material can be change by various factor

such as doping, alloying, impurity, grain boundaries, ratio of secondary phases, sample density, etc.

Iusuhtm s! semiconductors metals ()

Fig. 1.6. The TE properties of various material as a function of carrier concentration [11].

1.2.4 Seebeck Coefficient
In TE materials, the Mott equation represents the Seebeck coefficient (S) as shown Eq. (1-

7):

7~k 1dn(E) 1 du(E)
S=""kpg (n 9E ﬂ ﬂ )E =Ep (1-7)

In here, n(E) represents the density of charge carrier at energy level E, x(E) represent the mobility
of charge carrier at energy level E and Er shows the Fermi energy level, and q shows the electronic
charge. For high efficiency of TE conversion, TE material need to have a high S (>150 £V/K), this
means that the good voltage-generating ability.[12] In general, the S depends on the bandgap of its
material and their carrier concentration. And also, the S dependent on absolute temperature,

majority carrier concentration, chemical composition, and crystal structure of the TE material. In



TE module, when given a temperature difference, it generates charge carrier. That is, generated
charge carrier (electrons or holes) diffuse from the hot region to the cold region in a TE module.
When measuring S, we should be aware of the follows: 1) we should be measured both temperature
difference and current voltage at the same time in steady state system, 2) temperature gradient for
the measured voltage should be linearly response, and 3) at the same measuring point, we should
be measured the S. In general, among the materials (metal, insulator, and semiconductor), metal
shows the lowest value of S (~ 10 ©V/K) and insulator shows the highest value of S (> 200.V/K).
In TE material, the efficiency of TE conversion depend on the S or thermo-power, thus, we can
obtain the highest TE conversion efficiency at the large temperature gradient. There are many
strategies to enhance the S as follows: 1) one is to increase the w(E) by using the scattering

mechanism 2) another one is to increase the n(E) [13].

1.2.5 Electrical Conductivity
For semiconductor, the electrical conductivity (o) depend on charge carrier concentration

and charge carrier mobility as shown in Eq. (1-8):

0'=e(ye-n +,uh-p) (1-8)

In where, g represent the electron mobility and zn represent the hole mobility and n, p represent
the electron density, and hole density, respectively. Table 1.1 shows the electrical properties of TE
materials, as shown in this figure, semiconductor TE materials have good electrical conductivity
and Seebeck coefficient. Various scattering mechanism (such as lattice or impurity) determine the
majority carrier mobility (electron and hole). In semiconductors TE material, impurities can affect
the majority carrier mobility. Contrary to the lattice scattering, the impurity scattering decreases
with increasing temperature which led to increase the carrier mobility. The electrical conductivity
of TE materials can be influenced by various factor (such as temperature, doping, type of material,
and impurities). Furthermore, there have been revealed that the electrical conductivity is influenced

from structural parameters (such as strain, lattice constant, and grain size) [14,15].



Table. 1.1. Electrical properties of various materials at room temperature [16].

Property Metals Semiconductor Insulator
S (UK ~5 ~200 ~ 1000
o(Q*em™) ~10° ~10° ~ 1012

1.2.6 Thermal Conductivity

Total thermal conductivity is consisted of two parameter charge carrier thermal
conductivity and lattice (phonon) thermal conductivity. That is, total thermal conductivity ()
represents this equation x = ke + Klat, Which is the sum of the electrical thermal conductivity (&z)
and lattice thermal conductivity (xiat).[16] The thermal conductivity contributed by majority carrier
(xe) can be calculated from the Wiedemann-Franz equation (ke = LoT), in where L, o; and T indicate
Lorenz number, electrical conductivity, and absolute temperature respectively. Lorenz number of
metal is ~ 2.45 x 10® V?K? and ~ 1.5 x 10® V?K? for semiconductor. And also, lattice thermal

conductivity represents Eq. (1-9) as follows:

Kiat= O+ Cp -d (1-9)

In here, p, Cp, and d represent electrical resistivity, specific heat, and density of TE material
respectively. In the research for TE material, the measurement of their thermal conductivity is a
powerful method to enhance the thermal properties due to investigating imperfections or lattice
defects of TE material. Heat move in solids through the phonon, charge carrier (electron and hole),
spin wave, and electromagnetic wave or excitations. When the electron’s charge carrier
concentration and mobility are comparable to that of holes, bipolar diffusion (bipolar effect) can
decrease the charge carrier thermal conductivity. Using Eq. (1-10) involved bipolar term, we can
calculate the electrical lattice thermal conductivity. In where, ks, Eg, t&e, £ represent the Boltzmann

constant, band gap energy, electron mobility, and hole mobility of TE material, respectively.

_ kp~2 Eg N2 Mol
K, = oT( . ) [2 + (4 + kBT) RETIAE (1-10)

The phonon generated by lattice vibration strongly affect the charge carrier (electron and



hole) mobility. Thus, lattice thermal conductivity is influenced by lattice parameters and crystal
structure of TE material. Various parameters (such as density, lattice constant, and anharmonic
lattice) affect lattice thermal conductivity according to Eq. (1-11), where a, ¥, &, and &b are lattice
constant, Gruneisen parameter, Planck’s constant, and Debye temperature respectively. In here,
Gruneisen parameter means anharmonicity of lattice vibration. And also, for alloying compounds,
the composition of compounds influence on lattice thermal conductivity due to the variation in their

lattice constant. Thus, the technique of doping and alloying can be control lattice constant of TE

material and reduce the lattice thermal conductivity.

_ kg a*p6}
Klat - K3 sz

(1-11)

Kiatng

K < 1/3C VI

Klat Arb. unit

Boundary Defect Umklapp

Temperature (K)

Fig. 1.7. Scattering mechanism in lattice thermal conductivity [19].

As I mentioned above, we can be improved the TE performance by reduction of thermal
conductivity. Figure 1.7 shows the temperature dependence of scattering mechanism in lattice
thermal conductivity. The lattice thermal conductivity is not influenced parameter from electrical
properties in TE properties. Thus, there are many results of researches about reducing lattice
thermal conductivity. In general, the thermal conductivity of lattice term can be express by Kiat =

1/Cwl, where Cv, v, and / are heat capacity, phonon velocity and phonon mean free path respectively.



When the dimension of defects or inclusions is comparable to the mean free path of phonon, the
phonon can be effectively scattered in solid. The most heat is carried by acoustic phonon in material,
which have wide wavelength range and mean free path distribution, including from short to long
wavelength phonon. Thus, we can reduce the lattice thermal conductivity using the structural
control such as grain boundary, nano precipitates, and solid solution point defect control as shown
in Fig. 1.8. We can form the point defect in the material using the doping and allying method, which
can reduce the lattice thermal conductivity. They are explained by Callaway model via the mass
fluctuations (mass difference) and the stain field fluctuations (interatomic force difference between
the host lattice and the impurity atom).[20] Nano-inclusions can be obtained by several approaches,
dispersing oxidized nano-particles, including embedded nano-inclusions, and the endotaxial nano-

precipitates.[21,22]

Grain/l/l/l/l
boundeNN

Nano
precipitate

Point
defect

Fig. 1.8. Various phonon scattering effect for z7' [23].

1.3 The Strategies to Improve the Thermoelectric Properties
1.3.1 Doping

Only the selecting of the suitable dopant atoms, we can enhance the carrier concentration
of TE material by tuning their electronic band structure. Thus, the DOS of the TE materials are
converted as the number of states per energy is increased with more addition of the suitable dopant

atoms. The energy states near the Fermi energy level within an kgT can cause the electron transport.

10



Thus, at an optimal majority carrier concentration, a higher Seebeck coefficient or z7 value can be
obtained for semimetals and semiconductor. And also, the values of maximum z7 can be obtained
when 1) Fermi energy and conduction band is closer, and 2) when the degeneracy of material is not
strong. In these case, E < Eror E > Er majority charge carriers are highly asymmetric in terms of
their DOS and contribution [24,25]. With an increase in majority carrier concentration of TE
material, the Fermi energy level exceeds AgT, which affects the thermopower negatively.

For inhancing the power factor (PF) of TE materials, we can use doping of element such
as modulation doping and uniform dopoing due to the changing the carrier concentration. Through
this method, we can obtain the higher electrical properties of TE materials. Various heveay doped
TE materials show exelent PF values than its low or undoped ones [26, 27]. For instance, among
the bulk TE materials, Seebeck coefficient of PbTe can enhance without reduction of the electrical
conductivity due to the changing DOS of electron by doping control. And also, these band
engineering method such as modulation dopoing enhances the carrier mobility by decreasing inized
point scattering because the carriers are divided from major grain into undoped grains [28].
Furthermore, using the carrier pocket engineering we can cause the convergence of electronic bands
in the TE bulk material with high valley degeneracy [29]. As a result, this convergence of the
conduction and valance bands of electron enhence both the electrical conductivity and Seebeck

coefficient values [29].

S25 (mMW/K?m)

200 400 600 800 1000
T (K)

Fig. 1.9. The Calculated power factor for doped PbSe at various carrier concentration [26].
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For enhancing z7, the doping of modulation or impurity due to the precipitate of anti-
resonance nano-size particles into the parent grain can be an attractive method. Band offset of
electron and optimization of effective mass are used, which enhance the PF values of TE materials
by effect of scattering carrier. Through the using these methods, we can enhance both the Seebeck
coefficient and electrical conductivity of the TE materials with anti-resonance nano-size particles.
Furthermore, there is a large acoustic mismatch between the host material and the nano size particle
with core-shell, which decrease the lattice thermal conductivity without reduction of the PF [30].
In some of cases, dopant energy levels of the TE materials can make resonant energy levels, and
also, these energy levels can change the DOS of electron close to the Fermi level. Therefore, the
effective mass for the TE materials can be enhanced without affecting the charge carrier
concentration, for instance, Cr in PbTe or Tl in PbTe. These are important for enhancing the
Seebeck coefficient and also which is dependent on the doping concentration. The large change in
the DOS of electron near the impurity band can enhance the PF of TE materials as shown in Figure
1. 10. Which enhances the major carrier effective mass without affecting the carrier concentration
of TE materials, in other words, only the Seebeck coefficient is enhanced without changing the
electrical conductivity [31]. While, for parabolic band with non-degenerate charged carrier, if the
bandgap is largely greater than kgT, and then the minority carrier concentration or their act of charge
transport can become negligible. In here, width of the bandgap and Fermi level around the bottom
of the conduction band are responsible, therefore largely enhancing the PF of the TE material. Thus,
this gap become greater than the temperature for given temperature, for example, Eg > 10 kgT
[32,33]. Bands of electron are congregated by changing doping or chemical composition of TE
bulk materials. Many valley degeneracy is an ideal property for the TE materials [35]. Therefore,
the separation of pockets for Fermi surface with the multiple degenerate valleys can become a large
effective mass of DOS without reduction of the carrier mobility. In here, the electrical properties
depend on the weighted carrier mobility z-(m*/me)*?, where u is charge carrier mobility, m* is the
effective mass of DOS, and m. is the electron mass [35]. And also, modulation of chemical
composition for the TE materials can be alternative method for enhancing the efficiency of TE
while at that same time, reduction of the thermal conductivity. For achieving this, moderate doping
elements should cause increase the complex electron band structure and lattice phonon scattering.
These phonon scattering leads to decrease lattice thermal conductivity. However, in case of
electrons, this scattering is negligible due to the higher velocities of carrier. Therefore, modulation

of the chemical composition is the primary method for enhancing the TE properties (increasing the

12



PF and decreasing the thermal conductivity). While, carrier mobility is an external consideration
which can affect the PF. All of these variations depend on the Mott relation Eq. (6). The reduction
of lattice thermal conductivity due to the phonon scattering via the difference between the small

mass fluctuation and electronic states is found to increase the TE properties [36].

Extended states

90000
P AA VA AN

Virtual bound state
Resonant state

Bound state

Fig. 1.10. Schematic of the distorted band due to the impurity at the atomic level [34].

For increasing the PF, we can use the energy filtering effect. Charge carriers cause the
potential barrier in the interface of grain-grain. The charge carrier that crosses the potential barrier
shows a strong non-equilibrium energy distribution for high energy charge carriers. Through these
phenomena increase the Seebeck coefficient without changing charge carrier concentration as
shown in Fig. 1. 11 [37]. Furthermore, electrons of sintered samples are found to scatter across the
potential barriers. These potential barriers are formed near the surface of grain boundaries due to
the localized states. Thus, these are concerned with dislocation of grain boundary or point defects

and also, which can more enhance the PF [38].
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Fig. 1.11. Schematic band diagram of the n-type and p-type for energy filtering effect [39,40].

1.3.2 Alloying

In a complex bulk TE material, using the alloying materials affect the TE properties of TE
efficiency. Through this alloying method, we can achieve the enhancement of the electrical
properties for TE materials while reduce the thermal conductivity. Commonly, we can see these
effect in most skutterudite compounds as well as in clathrates and Half-heusler TE materials.
Especially, the conceptual of PGEC is significant for the skutterudite compounds. The filler
elements affect the lattice scattering in a matrix phase of the TE materials, which decrease the
lattice thermal conductivity and enhances the PF values due to the doping control by filler elements.
This phenomenon is called ‘rattling effect’ and then rattling atom generating disorder of lattice,
thus rattling phonon and generating a conducting path for the carrier electron [41, 42]. I want to
discuss for skutterudite TE materials in detail later. In most bulk TE materials, the electronic
structure is controlled by alloying doping control method. Alloying atoms can cause atomic
disorder through the effect of strain field or an induced fluctuation of atom, which decrease the

thermal conductivity of lattice part [43, 44].

1.3.3 Nano-inclusion (Nano-structure)

For the bulk TE materials, using the nano-inclusions is reasonable method because it is
easy to process and low cost. TE materials with nanocomposite show the high TE properties
therefore the use is gradually increasing in TE module, compared with the TE materials with
isolated nano-structure or bulk. The composition of spinodal is use to generate a TE materials

showing compositional fluctuations at the nanoscale [45, 47]. PbTe-PbS separate the nano-phase
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by the growth process, nucleation and spinodal decomposition as shown in Fig. 1.12. For the
spinodal decomposition, both compositions of the mixed-phase system share the same lattice,
leading to the modulation for spatial of the certain composition at the nano-scale [45]. This
modulation for spatial is generated nano-sized particle in the matrix phase, thus making TE
materials with nano-structure. Matrix encapsulation makes nano-inclusions within the matrix.
During matrix encapsulation, the melted elements are quenched instantly to introduce inclusions at
the nano-scale. To improve their crystallinity, the quenched TE materials can be annealed. Nano-
scale inclusions can reduce the lattice thermal conductivity due to the scattering of phonon and

increase the electrical properties of TE materials [46].

PbS stripes PbS dot
)
b b | >
p—<
& .
—
PbTe

Fig. 1.12. Schematic of stripes (by decomposition) and dot (by nucleation and growth) in
(PbTe)/(PbS) [45].

At different length scales, the scattering processes can be affected to alloy scattering at
atomic scale, boundary scattering at mesoscale grain, and scattering from nano-scale inclusion as
shown in Fig. 1.13. These multi-scale structures of TE materials show higher TE properties than
their individual part. When combined together, nano-structuring with a mesoscale grain boundary

and alloy doping can enhance the TE properties compared to the nano-structuring effect alone [47].
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As I mentioned above, the nanostructuring is an effective method to enhance the TE
properties. However, the nanostructured TE materials can be change mechanical properties from
the bulk values, which leading to unexpected degrading characteristic. Furthermore, nanostructured
materials have a large stored energy in their many grain boundary and thus tend to be unstable.

Thus, this can be great obstacle for commercially use of nanostructured TE materials.

s
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o . %"

Atomic scale Nanoscale Mesoscale

Fig. 1.13. Respective scales for zT values [47].

1.4 Skutterudites

The skutterudites derives from a naturally naturally occurring mineral CoAss, first
discovered in Skutterudites, Norway. In general, binary skutterudites is composed of 32 atoms per
unit cell, which exhibits the structure of MX3, where M is the metal element like Ir, Rh, or Co, and
X indicates the pnicogen element like As, P, and Sb. As shown in Fig. 1.14, the skutterudite
compounds have octahedral structure and two large voids its primitive cell. These voids are large
enough to locate the host elements such as metal atoms, thus it is called as filled-skutterudites. The
filler atom in void can affect to the lattice phonon-scattering centers, which can decrease the
thermal conductivity for lattice part. Introduced elements in the voids cause the significant disorder

to the lattice, leading to reduction of lattice thermal conductivity [51].
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Fig. 1.14. Schematic of the structure of skutterudites [48].

1.4.1 CoSbs-based skutterudites

For CoSbs-based skutterudites, the introduced filler elements in the void sites act as donor,
which donate valence electrons to the framework of CoSbs, and then make the heavily doped TE
materials as semiconductor. In CoSbs-based skutterudites have 18 valence electrons per primitive
cell, nine of which are share by Co and three are shared by each Sb atom. Thus, CoSbs-based
skutterudites have a complex phase with exhibiting semiconducting, and also, these are stable at
the high temperature up to around 1150 K. Furthermore, CoSbs-based skutterudites can use high-
temperature TE applications. Also, it has an narrow bandgap about ~ 0.6 eV. In case of Co-rich
skutterudites are used n-type TE materials, on the other hand, in case of Sb-rich skutterudites are
used p-type TE materials. These compounds can be changed by substituting filler elements in place
of Sb and Co sites, such as substituting the Sb sites with Te or Sn and the Co sites with Ni or Fe.
As shown in Fig. 1.15, the substituted elements act as dopants by accepting or donating electrons
[49]. In table 1.2, I summarize the properties of some atoms used as substitution elements in CoSbs-

based skutterudites [52].
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Fig. 1.15. How to make the n-type and p-type skutterudites [49].

1.4.2 Filled-skutterudites

The CoSbs-based skutterudite shows high PF values about 6 xV/cmK compared with other
TE materials. While skutterudite compounds have higher thermal properties about 10 W/mK at room
temperature. At 600 K, CoSbs-based skutterudite exhibits thermal conductivity values about 5 W/mK,
however, this thermal conductivity value is lower compared with Te-based TE materilas, such as Bi,Tes
or PbTe [53]. Thus, the CoSbs-based skutterudite exhibits the lower z7 values due to their higher thermal
conductivity value. As I mentioned before, to overcome this problem, we can use the rattling effect by
fluctuation of filler atom, which affect the lattice phonon scattering. There are many studies for filled-
skutterudites TE materials [54-56]. In case of YbCo04Sbi, system shows the z7 values of ~ 0.3 and ~ 1
at room temperature and 600 K, respectively. For Yb-filled CoSb; based-skutterudite, the z7'is enhanced
from 7 to 10 due to the filler elements (Yb), compared with un-doped ones. This phenomenon is called
as ‘rattling effect’, which can observe in TE materials of PGEC concept decrease the thermal
conductivity for lattice part without reduction of electrical properties [55]. Recently, many studies have
investigated that a reduction due to the nano-structuring or grain size control can increase the TE
properties of CoSbs-based skutterudite [56]. In Table 1.3, I summarize the effect of filler elements for

the TE properties at various temperature.
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Table. 1.2. Thermoelectric and physical properties of various atoms used in the CoSbs [52].

S c K M.P. Atomic
Element Structure
(LVIK) (S/cm) (W/mK) (°C) radius
Co -31 0.17 100 1495 HCP 1.7
Sb 47 0.03 24 631 R.H. 1.5
Yb 30 0.04 35 824 FCC 2.4
Ca 10 0.30 201 839 FCC 2.2
Ba 12 0.03 18 729 BCC 2.8
Ce 6 0.01 11 798 FCC 2.7

Table. 1.3. Thermoelectric properties of various CoSbs based skutterudites [55,56].

S o PF K zT
Material
(LVIK) (S/cm) (LW/ecmK) (W/mK) at 327 °C

Ino.2Ceo.1C04Sb12 340 230 26.6 1 1.6
Ino 25Ce02C04Sb1z 300 450 40.5 1.6 1.5
Ino2Ceo.1Ybo.1Co4Sbi2 325 320 33.8 1.7 1.2
Ino.2Ceo.1Smo.1C04Sb12 305 280 26 1.2 1.3
CosFeSbi2 110 - 0.2 0.9 0.2
CaFe;CoSbiz 150 160 25.2 2.5 0.6
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Fig. 1.16. Thermal conductivity of Single-filled CeFe;CoSbi> and double filled
Ybo.45Cag45sFe3CoSbi [56].

1.5 Purpose of Present Study

In order to solve environmental pollution and energy crisis caused by increased energy
consumption due to industrialization and urbanization, many countries and companies are focusing
on development of eco-friendly energy such as renewable energy thermoelectric (TE) materials and
solar cells. Among them, thermoelectric generation (TEG) technology is an environmentally
friendly power generation technology that does not cause any pollution and is less toxic than other
generation technology, thus it is expected as a promising technology that can supplement low
energy efficiency of fossil fuel because it uses waste heat. In addition, as nano-technology and
manufacturing process technologies develop, efficiency of TE materials is increasing, and many
researchers are investigating them for practical application. However, although high TE efficiency
is possible by using nano-technology, it is difficult to commercialize bulk TE materials due to the
limits of nano-technology. Although the development of manufacturing technology also shows high
thermal conversion efficiency, the efficiency of p-type bulk TE materials, which is lower TE
performance than n-type materials, thus, it is difficult to commercialize.

Therefore, in this study, the objective is to improve the TE performance of skutterudite as

p-type bulk TE material for commercial use. Skutterudite has two void in its basic structure, so it
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can be filled various elements. Furthermore, filled elements can vibrate due to the weak coupling
of elements in the void, which can lead to reduce thermal conductivity. The elements in the void
also act as a donor, at the same time, which can adjust the carrier density. In general, to synthesize
p-type skutterudite, Co is substituted by another element, in this study, Fe is substituted with a Co
to synthesize p-type skutterudite. And also, the substituted Fe was expected to reduce the thermal
conductivity by point defect.

In Chapter III, we synthesized In filled p-type skutterudite compounds. And then, we
investigated filling fraction of In and their effects for TE performance. And also, we confirmed the
optimal composition of In contents to obtain the maximum TE performance. Additionally, we
considered about the effect of nano-sized impurities (such as InSb) generated during the synthesis
process for TE performance.

In Chapter IV, we selected Ce as filler because Ce-filled skutterudits show low thermal
conductivity and high TE properties. Furthermore, we substituted different amounts of Fe, the effect
of these changes on TE properties was investigated. And we optimize the carrier concentration by
adjusting the Ce/Fe ratio.

In Chapter V, we synthesized Ga co filled p-type skutterudites based on the optimal
conditions in Chapter IV to improve the TE performance. In particular, we investigated Ga behavior
because it could be located in both the void site and the Sb site. And also, we investigated the effect
of double-filming on thermal conductivity and optimized chemical composition to improve TE
performance.

As a results, in this study, in order to improve the TE performance of bulk p-type TE
materials, various elements (In, Ce, Ga) were inserted into the CoSbs-based skutterudite with high
TE performance and excellent mechanical properties in the intermediate temperature range and
investigate their behavior and effect on TE properties. Furthermore, we attempted to improve the
electrical properties by optimizing the carrier concentration using the optimization of chemical

composition (Fe substitution ratio).
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CHAPTERII

Experimental Methods

2.1 Sample Preparation

In this thesis, we prepared the polycrystalline bulk TE materials by using a traditional
solid-state reaction and spark plasma sintering (SPS). To analysis the polycrystalline structure of
bulk the samples, we characterized by X-ray diffraction (XRD, Ultima IV). For lattice parameters
of bulk samples, we use the standard silicon and PDXL. The microstructure and elemental
distribution of the bulk samples were investigated by using a field emission scanning electron
microscopy (FE-SEM; JSM-6500F), which equipped an energy dispersive X-ray spectroscopy
(EDS). In case of electrical resistivity and Seebeck coefficient of samples, we could measure using
ZEM-3. Charge carrier concentration (nn) and carrier mobility (xu) were measured by Hall effect
measurement. Thermal conductivity (x) could obtain heat capacity (Cp), from thermal diffusivity
(), and sample density () based on the k= aCpd. Cp, which was estimated from the Dulong—Petit
model, C, =3nR, in where 7 is the atoms number and R is the ideal gas constant. Thermal diffusivity
() could be obtained by the laser flash method in vacuum condition using available apparatus
(NETZSCH, LFA467).

2.1.1 Solid State Reaction

The solid-state reaction is using for the preparation of crystal solids from solid starting
materials which is very effective method. At room temperature, solids never react together
naturalistically and it is need to heat much higher temperatures, often to 900 to 1600 °C for the
reaction of our materials. The solid state reaction depend on the various factors such as reaction
conditions, surface area of the solids, structural properties of the reactants, the free energy change

associated with the reaction and their reactivity etc. [1].

2.1.2 Spark Plasma Sintering

Various sintering techniques have been investigated for high densification with a desired
phase composition and microstructure. Spark plasma sintering (SPS) process is effective for high
heating rate with minimal grain growth [2]. A schematic of the method is shown in Fig. 2.1. The

mechanism of the spark plasma sintering is based on the micro spark discharge in the gap between
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individual particles in compact powders. The spark plasma sintering proceeds through a three-stage
process. In first stage, the surface of particle melt and fuse to each other forming “necks” between
neighboring powder particles. In second stage, the joule heat, generated by pulsed DC electrical
current, reacts between the necks connecting individual particles. The diffusion of the atoms in the
necks was increased and enhanced their growth by joule heat. In third stage, the heated samples
become softer and exerts plastic deformation under the uniaxial force, leading to the high

densification of the powder compact of its theoretical density.

Spacer
block Graphite
punch Pulsed DC
power
supply

e

-
S

Fig. 2.1. Schematic of spark plasma sintering technique.

2.1.3 X-ray Powder Diffraction

In general, we can obtain the informations of the phase compositions and crystal structures
from X-ray diffraction (XRD) (ULTIMA IV, Rigaku), which using Cu-Ko radiation (A = 1.5406 A)
with a scintillation or semiconductor detector. The lattice parameter, theoretical density, and
thermal expansion coefficient were determined by the XRD results. The materials consisted of
regular arrays of atoms can be confirmed by using a data of X-ray diffraction patterns because

crystalline materials have unique diffraction patterns. Since X-ray is electromagnetic radiation
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waves, which is scattered by atoms. X-ray smashing an electron and then produces secondary
waves. In here, because X-ray energy is much greater than that of a valence electron energy, thus
this phenomenon can occur. This elastic scattering can be modeled using the Thomson scattering,
which is the interaction of an electromagnetic ray for the free electron. Thus, the intensity of

scattering can be expressed as [3]:

et ) 1+c0s%26

I, = 10( - @.1)

m2cr?2
where m is the electron mass, Iy represents the intensity of the X-ray beam, r is the distance to
observed position, c is the light speed, and e is the charge of electron.

The incident waves have wavelengths comparable to the spacing between atoms. Fig. 2.2
shows geometry for interference of a wave scattered from two planes separated by an inter-planar
spacing. From Fig. 2.2. Angle of incidence of the two parallel rays is considered as 6. The inter-
planar spacing, d, is the difference in path for the X-ray scattered from the top plane and bottom
plane. When the difference in path length for the top and bottom X-ray is equal to one wavelength,
A, the constructive wave interference was occurred by Bragg’s law:

nA = 2dsin6 (2.2)
where n is any integer. These specific directions appear as spots on the diffraction pattern, which
called reflections. A reflection from a crystalline material contains many distinct peaks,
corresponding to a different interplanar spacing. And they are to be indexed the records of Miller
index of each reflection, (Ak/).

A powder X-ray diffractometer consists of the X-ray tube, the sample stage, and the detector.
The incident angle is defined between the X-ray beam source and the sample. The diffraction angle,
20, is defined between the incident beam and the detector. The incident angle is always one half of

the detector angle 26.

2.1.4 Microstructure and Morphology

In general, the surface microstructures and morphology of the obtained samples were
characterized by FE-SEM and EDX analysis. In a typical, FE-SEM multiple condenser lenses and
electron gun produce an electron beam, the rays at a variety of angles are diverted by
electromagnetic scan coils (first set). The second set of scan coils diverts the beam back across the
optic axis. All the generated rays pass through the final aperture lens and strike the specimen surface

at various points. The resultant signals contain low energy secondary, backscattered electrons and
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high energy back scattered electrons, X-rays, and visible, luminescent radiation in the UV, and
infrared. SEM and EDS are obtained by a scanning electron image (SEI) detector, and an EDS
detector, respectively. Fig. 2.3 represents the schematic of SEM.

—n
@-

Fig. 2.2. Schematic illustration of powder X-ray diffraction.

Vacuum gElectron gun
== =
Anode
Electron beam
Electromagnetic| I
Lens
Scan coil & ........................ @
SEI detector
Electromagnetic| _n__ EDS detector
Lens

ﬁﬁﬁﬁﬁ

Characteristic
X-ray

I

Specimen

Fig. 2.3. Schematic illustration of FE-SEM.
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2.1.5 Seebeck Coefficient and Resistivity

At high temperature, the thermopower and resistivity of the samples were investigated by
using the ZEM-3 (ULVAC) under helium atmosphere condition as shown in Fig. 2.4. The electrical
resistivity was obtained by the four probe method. Two thermocouples are attached to the sample
to measure the voltage across A and B as AV. At the meantime, the temperature is measured between

two thermocouples as Ty and Tr. In this way, the measuring temperature 7 would be

Ty +T
T =—( « 1) (2.3)
2
The Seebeck coefficients () is obtained by the following equation:
AV
S=— 2.4
AT 24)

AV is the Seebeck voltage generated between two thermocouples on surface of the sample,
across the direction of the temperature gradient. Ty (near the hot side) and Ti. (near the cold side)
are represent absolute temperatures at the two points. In general, the measurement was performed
by applying three temperature gradients of AT = 20, 30, and 40 K between two blocks at each

temperature T, we use the average value of three data as the experimental value.

ﬁ Thermocouple

sample AT L @ AV

(1) ’
N

Electrical source

Fig. 2.4. Schematic illustration of ZEM-3 measurement.
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2.1.6 Thermal Conductivity
The thermal conductivity (k) was obtained from the thermal diffusivity (d) specific heat
capacity at constant pressure (Cp), and density as following equation:
Kk =dCyp (2.5)

The thermal diffusivities were determined by a laser flash method using an LFA457
instrument. The laser flash method is illustrated as shown in Fig. 2.5. Prior to thermal diffusivity
measurement, both faces of samples were coated by graphite using graphite spray to improve the
laser absorption at the lower surface and to increase the intensity of the emissions of the upper
surface. The theory of the method for thermal diffusivity is followed [4]:

If the distribution of initial temperature within a thermally insulated uniform thickness
(hy) of sample is T (x,0), the distribution of temperature at later time ¢ is given by:

—n2m?

T(x,t) = hikfoh" T(x,0)dx + hikZ?{’:l exp (h—;td) X cosnh—T foh" T(x,0) cos m:(x dx (2.6)

hie
If a radiant energy pulse (Q) is simultaneously and uniformly absorbed in the shallow

depth g at the lower surface x = 0 of a thermally insulated material of uniform thickness (%) the

distribution of temperature at that instant is expressed by:

T(x,0) = ﬁ 0<x<g) 2.7)

and
T(x,00=0 (g<x<hy) (2.8)
Under the initial condition, Eq. (2.8) can be written by

_Q ® nnx sin(nmg/hy) -n?m?
T(x,t) = T [1 +2)_,cos PR X exp( e td)] (2.9)

It follows sin(nmg/h;) = (nmg/h;) because g is a quite small for opaque materials. At the

upper surface where x = hy, the temperature can be expressed as

T(hy,t) = ﬁ [1 +23% (—D)™exp (‘:k’; td)] (2.10)

Dimensionless terms, " and o can be defined as

T (hg,t)
Tm

V(he t) = 2.11)

and
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m2td
hy?

(2.12)

In here, Ty is the maximum temperature at the upper surface. The combination of Eq.
(2.10), (2.11), and (2.12) produces
V=1+2Y",(—D"exp(—n’w) (2.13)
The produced Eq. (2.13) is plotted as shown in Fig. 2.5. From Eq. (2.13) and Fig. 2.5, A

have been deduced. When V'is equal to 0.5, w is equal to 1.38 as follows:

_ 1.38h°
ﬂ'ztl/z

(2.14)

where #1/2 is the initiation of the pulse laser until the temperature rise of the upper face of
the sample reaches to the half-maximum. The uncertainty for the thermal diffusivity measurements
can be expressed by

1.38(hy +Ahy)?
72 (tq /o +At)

d+Ad = (2.15)

where Ad, At, and A/ are uncertainty of d, t12, and A, respectively. When the surface of
the sample is covered by a carbon film, additional time is needed to reach heat from the lower to
upper surface of the sample due to the thermal resistance of the carbon film. Thus, the variation in
the thickness of the carbon is associated with At. A/ is associated with the variation in Ak or
uncertainty in the measurements of /. Although the quantitative estimation of Ad must be done by
error propagation law using At and A#, Eq. (2.15) allows qualitative discussion about Ad. Eq.
(2.15) shows that assuming At and A/ to be constant, Ad becomes small with increasing #12. The
value of #12 becomes larger when a material has lower thermal conductivity, which indicates that
the uncertainty in the thermal diffusivity measurements become small when the sample has very

low thermal conductivity.
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Fig. 2.5. (a) Schematic illustration for the laser flash and (b) Upper surface temperature history.

2.1.7 Carrier Concentration and Mobility

The Hall coefficient (Ry) was performed by the Van der Pauw method using Resitest 8300
(Toyo Co. Ltd.) apparatus at room temperature under an applied magnetic field of 0.5 T. We can
obtain the values of the Hall carrier concentration (nx) and Hall mobility (1) from the measured

Hall factor (Ry) assuming a single band model and Hall factor of 1 with following equations [5]:

R
Ny :7R_H and =7H (2.16)

H

In here, Ry and p represent the Hall coefficient and the electrical resistivity, respectively,
and yy is the Hall factor which is given by as following equations:

3 (25+3/2) !
M [5+312)

2.17)

The Hall coefficient is given by the following equation using the magnetic field B, Hall

voltage V, the current /, and the sample’s thickness o.

5 5
_ Nz =R (2.18)

R =
" 1,B B

Here, twice measurements give two resistances:

Ri2.3 Z@ and Ry, = w (2.19)
14 23
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The numbers indicate proves shown in Figure 2.6. Then, the resistivity is calculated from

7 Ry +Ryun
=== = f 2.20
r In2 2 ( )

The factor f'depends on the ratio Ri234/R23 41 as shown in Figure. 2.6.
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Fig. 2.6. Schematic illustration of van der Pauw’s method.
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CHAPTER 111

Thermoelectric Properties of In Single-Filled p-type Skutterudites

Although Indium (In)-filled CoSbs skutterudites are good n-type thermoelectric (TE)
material, the In-filled p-type skutterudites have been scarcely studied. For TE devices, both p- and
n-type materials with similar characteristics are simultaneously required. Based on the simple
electron counting, it is expected that substitution of Fe for Co in CoSbs leads to p-type doping.
Here, we have attempted to realize p-type characteristics in In-filled (Fe,Co)Sbs. Polycrystalline
samples with nominal compositions In.FeCosSbi> (x = 0.3, 0.5, 0.7, and 0.9) were prepared and
their phase state, microstructure, and high-temperature TE properties were examined. All samples
showed positive Seebeck coefficient values, i.e., p-type characteristics. We confirmed that the
filling fraction limit was between x = 0.5 and 0.7 in In,FeCo3Sbi2, and the x = 0.5 sample exhibited
the best TE properties. The maximum value of the dimensionless figure of merit z7' was 0.39 at 705

K.

3.1 Introduction

In this study, therefore, we set the sample compositions as In,FeCo3Sbi> (x = 0.3, 0.5, 0.7,
and 0.9) and investigated the phase state as well as the TE properties. Polycrystalline samples of
In,FeCosSbi2 (x = 0.3, 0.5, 0.7, and 0.9) in the nominal compositions were prepared. The criteria
for nominal composition are making p-type and single-phase TE materials. Among the In-filled
samples, single-phase samples could be obtained only in the composition of Fe:Co = 1:3. And then,
I confirmed TE properties (S, o; and x) through the examination from room temperature to 773 K.

Effects of the In-filling and the Fe substitution on the TE properties were investigated.

3.2 Results and Discussion

Figure 3.1 shows the powder XRD patterns of the polycrystalline samples with nominal
compositions IniFeCo3Sbiz (x = 0.3, 0.5, 0.7, and 0.9). The peaks of the major phase in all samples
were indexed to the skutterudite phase. In addition to the skutterudite peaks, a few peaks of the
(Fe,Co)Sba phase, a solid solution of FeSb, and CoSb., were observed. The impurity peaks were

negligible in the samples with x = 0.3 and 0.5, while the peak intensity increased with increasing x.
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As summarized in Table 3.1, the lattice parameters for the skutterudite phase slightly increased
with increasing x up to x = 0.7 and then remained nearly constant, indicating that the filling fraction
limit of In in In,FeCo3Sbi>» would be between x = 0.5 and 0.7. Furthermore, the lattice parameters
of all samples were larger than not only the maximum (~ 0.9058 nm) of In-filled CoSbs reported
by Tang et al. [17] but also the maximum (~ 0.90447 nm) of In.Cos..Fe.Sbi> (z=0.05, 0.25; x =
0.5, 1.0, 1.5) reported by Park et al. [22] All samples had enough high bulk densities (estimated as
over 98 % of the theoretical density) for TE characterizations.

Figure 3.2 shows the FE-SEM images of the samples with nominal compositions
In,FeCosSbi2 (x = 0.3, 0.5, 0.7, and 0.9). All samples were dense with no remarkable cracks or
pores. The samples with x = 0.3 and 0.5 had even smaller and more uniform grains (0.5 ~ 1 zm)
than those of the other samples. The results on the grain size let us consider that the void site filling
by In encourages the grain growth. The small and uniform grains would be effective for scattering
of heat carrying phonons. As shown in Figs. 3.2(f) and 3.2(h), in the samples with x = 0.7 and 0.9,
the nanoparticles with the size below 100 nm were clearly observed at the grain boundaries. The
chemical composition of the nanoparticles couldn’t be clearly determined since the resolution of
EDS analysis was too low to perform the quantitative analysis for the nanoparticles. Note that here,
however, the previous works have confirmed that In exceeded the filling limit reacted with Sb and
formed the InSb nanoparticles [23,24]. Table 3.2 shows the chemical compositions of the
skutterudite phase determined by the quantitative EDS analysis. The data shown here are the
average values of the point analyses performed for more than 20 different grains. These data are
within the standard deviation range (= 3 %). However, it is possible to perform a more precise
analysis through the other methods such as TEM-EDS, ICP-AP and ICP-MS. The In content in the
skutterudite phase increased up to x = 0.7 with increasing x and then decreased at x = 0.9, while the
Fe/Co ratio values of all samples were nearly constant (0.25 + 0.02). This result indicates that the
filling fraction limit of In would be between x = 0.5 and 0.7, which is well consistent with the XRD
results. Despite of the low In actual content (~ 0.19), the sample with x = 0.3 had the large lattice
parameter compared to an In-filled CoSbs, which is due to the substitution of Fe for Co. Moreover,
the actual contents of In (> 0.29) in the skutterudite phase of the samples with x > 0.5 were definitely
larger than the solubility limit (0.27 £ 0.01) of In in Co4Sbi2 [17]. The results indicate that the
substitution of Fe for Co increases the lattice parameter, which leads to the additional incorporation
of In into the skutterudite phase.

Room temperature values of the p, Ru, nu, and un are summarized in Table 3.3. The Ru
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values of all samples were positive, i.e., p-type conduction, which is consistent with the sign of the
S as shown in Fig. 3.3(b). The nn decreases as adding In, which would be due to the typical behavior
in the p-type filled skutterudites where the excess holes generated from the substitution of Fe for
Co could be compensated by the electrons donated by fillers [13]. On the other hand, the uH
increased as adding In, which would be caused by the decrease in the carrier-carrier scattering effect.

Figures 3.3(a), 3.3(b), and 3.3(c) show the temperature dependences of the S, electrical
resistivityp (= o), and power factor S?p™ (= §?0), respectively, for polycrystalline samples with
nominal compositions In.FeCos3Sbi> (x = 0.3, 0.5, 0.7, and 0.9) and Ing2sFei sCo25Sbiz [22] for
comparison. The p of all samples increased with temperature, indicating metallic behavior. The p,
moreover, increased with increasing the nominal In content over the entire temperature range,
which would mainly attribute to the decrease of carrier concentration (ny) as listed in Table 3. The
S values of all samples nearly increased up to around 700 K and then decreased with increasing
temperature. This temperature dependence can be explained by the onset of bipolar conduction.
The onset shifted to lower temperatures with increasing In content, meaning that the In filling
decreases nu and enhances the effect of minority carriers (in the present case, electrons) on the § at
high temperatures. The S values of the samples with x < 0.5 were larger than those of the samples
with x > 0.7, which deviates from the general relation between S and nu in degenerate
semiconductors. We consider that, in the samples with x > 0.7, the secondary phases such as
(Fe,Co)Sb2 and InSb with metallic characteristics would act as the propagation path of the charge
carriers, leading to the decrease of S. The maximum S value was 146 VK™ at 705 K obtained for
the sample with x = 0.5, which was close to 157 £zK™ at 673 K obtained for Tly4FeCo3Sbi» [25]. As
shown in Fig. 3.3(c), the S?>p* values of the samples with x < 0.5 were nearly the same with each
other and definitely larger than those of the samples with x > 0.7.

Figures 3.3(d) and 3.3(e) show the temperature dependences of the thermal conductivity
xand lattice thermal conductivity xa (= k— LT, where L is Lorenz number = 2.45 x 10® WQK"
%), respectively, for polycrystalline samples with nominal compositions In,FeCosSbi (x = 0.3, 0.5,
0.7, and 0.9) and IngsFei5C025Sbi> [22] for comparison, where the x values for all samples
indicate the similar trends with the xiat values. The xat values of the samples with x = 0.3 and 0.5
were larger than the literature data of Ino.2sFe15Co2.5Sbiz [22] but even lower than that of the
samples with x = 0.7 and 0.9. The low xiat in the samples with x = 0.3 and 0.5 could be definitely
explained by the increased grain boundaries in association with the small and uniform grains as

described above. Thus, one can consider in the present case that the small and uniform grains were
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more effective for the scattering of heat carrying phonons compared to the large filling fraction and

existence of nanoscale precipitates. However, using of C,=3nR is often wrong especially at high

temperature where volume increases and vacancies are introduced to increase Cp,. Therefore, it is

the possible underestimation of the thermal conductivity in this study.

The zT values of the samples were calculated from the experimental data of S, p, and x,

and the results were plotted as a function of temperature (Fig. 3.3(f)). The zT values of the samples

with x = 0.3 and 0.5 were slightly larger than the literature data of Ing2sFei5Co25Sbiz [22] due to

the superior S values at high temperatures. The maximum z7 value was 0.39 at 705 K obtained for

the sample with x = 0.5.

Table 3.1. Lattice parameter a, sample bulk density d, and relative density % T.D. for

polycrystalline samples with nominal compositions In,FeCo3Sbi2 (x = 0.3, 0.5, 0.7, and 0.9).

The values were obtained at room temperature.

Nominal x a (nm) d (gem™) T.D. (%)
0.3 0.9064(3) 7.54 98
0.5 0.9069(5) 7.68 99
0.7 0.9070(2) 7.61 -
0.9 0.9069(3) 7.79 -
Table 3.2 Chemical compositions at the skutterudite matrix-phase regions of polycrystalline
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samples with nominal compositions of In,FeCo3Sb12 (x =0.3, 0.5, 0.7, and 0.9), determined by
quantitative EDS analysis. All compositions show the average values obtained by repeating the

point analysis at least 20 times.

Chemical composition (at. %)

Nominal composition Chemical formula
In Fe Co Sb
Ing3FeCosSbiz 1.2 4.4 18.2 76.2 Ing.19Fe0.60C02.86Sb12
Ing sFeCosSbiz 1.9 4.7 18.1 75.3 Ing 20Fe0.74C02.89Sbia
Ing7FeCo3Sbiz 2.7 44 18.6 74.3 Ing 43Fe0.71C02.99Sb12
IngoFeCosSbiz 2.1 4.3 18.7 74.9 Ing 34Fe0.6sC03.00Sb12

Table 3.3. Electrical resistivity p, Hall coefficient Ru, carrier concentration nu, and Hall
mobility u+ obtained from the Hall measurements performed at room temperature for
polycrystalline samples with nominal compositions InFeCo3Sbi2 (x = 0.3, 0.5, 0.7, and 0.9)

and Ing2sFe1 5C02.5Sbi2 [22].

Nominal x £(103Qem)  Ru(10%cm’C")  nu (10%cm?) wn (cm?V-igh)
0.3 1.36 3.59 17 27
0.5 1.51 4.69 13 31
0.7 1.54 5.84 11 38
0.9 1.58 7.58 8 48
Ing2sFe; 5Co25Sbiz [22] 1.29 2.30 27 18
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Fig. 3.1. Powder XRD patterns of polycrystalline samples of In,FeCo3Sbio.
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Fig. 3.2. FE-SEM images of the polycrystalline samples with nominal compositions of
In,FeCo3Sbi2 (x=0.3,0.5,0.7, and 0.9). (b), (d), (f), and (h) are the magnified images of the yellow

rectangular regions in (a), (c), (e), and (g), respectively.
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Fig. 3.3. Temperature dependences of the (a) electrical resistivity p, (b) Seebeck coefficient S,
(c) power factor $?p%, (d) total thermal conductivity x, (€) lattice thermal conductivity & - & calc

(= k- LTpY), and (f) zT for polycrystalline samples with nominal compositions InFeCo3Sbi>

(x=0.3,0.5,0.7, and 0.9) and Ino2sFe1.5Co25Sbi2 [22].

3.3 Conclusions

The TE properties of polycrystalline samples with nominal compositions of In.FeCo3Sbi>
(x=0.3,0.5,0.7, and 0.9) were investigated. From both the XRD and the FE-SEM/EDS analyses,
the maximum filling limit of In into FeCos3Sbi> was confirmed between x = 0.5 and 0.7 in
In,FeCo3Sbi2. The grain size of the samples increased with increasing x, meaning that In filling
encourages the grain growth. The increase of the In content decreased the carrier concentration,

which is well consistent with the simple electron counting. The samples with x > 0.7 exhibited
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lower S values than those of the samples with x < 0.5, although they had lower carrier concentration.
This opposite tendency is probably due to the effect of the impurity phases. The In filling and the
Fe substitution as well as the small and uniform grains led to effective phonon scattering and
thereby the significant reduction in thexiar. The x = 0.5 sample exhibited the largest power factor

and the lowest xiat among the samples, thus it showed the highest z7 value of 0.39 at 705 K.

3.4 References

[1] X. Zhang and L.-D. Zhao: Journal of Materiomics 1, 92 (2015).

[2] S. I. Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang, J. W. Roh, D. J. Yang, W. H. Shin,
X.S.Li, Y. H. Lee, G. J. Snyder and S. W. Kim: Science 348, 109 (2015).

[3] T. Plirdpring, K. Kurosaki, A. Kosuga, T. Day, S. Firdosy, V. Ravi, G. J. Snyder, A.
Harnwunggmoung, T. Sugahara, Y. Ohishi, H. Muta and S. Yamanaka: Adv. Mater. 24,3622 (2012).
4] C. Fu, S. Bai, Y. Liu, Y. Tang, L. Chen, X. Zhao and T. Zhu: Nat. Comm. 6, 8144 (2015).

5] S. Chen and Z. Ren: Materials Today 16, 387 (2013).

6] S. Wang, J. R. Salvador, J. Yang, P. Wei, B. Duan and J. Yang: NPG Asia Mater 8, 285 (2016).
71Y. Tang, R. Hanus, S.-w. Chen and G. J. Snyder: Nat. Comm. 6, 7584 (2015).

8] G. Rogl, A. Grytsiv, P. Rogl, E. Bauer, M. Hochenhofer, R. Anbalagan, R. C. Mallik and E.
Schafler: Acta Mater. 76, 434 (2014).

[9] M. Rull-Bravo, A. Moure, J. F. Fernandez, and M. Martin-Gonzalez: RSC Adv. 5, 41653 (2015).
[10]Y. Z. Pei, L. D. Chen, W. Zhang, X. Shi, S. Q. Bai, X. Y. Zhao, Z. G. Mei and X. Y. Li: Appl.
Phys. Lett. 89, 221107 (2006).

[11] Z. G. Mei, J. Yang, Y. Z. Pei, W. Zhang, L. D. Chen and J. Yang: Phys. Rev. B 77, 045202
(2008).

[12] C. Artini, G. Zanicchi, G. A. Costa, M. M. Carnasciali, C. Fanciulli and R. Carlini: Inorg.
Chem. 55, 2574 (2016).

[13] B. Chen, J.-H. Xu, C. Uher, D. T. Morelli, G. P. Meisner, J.-P. Fleurial, T. Caillat and A.
Borshchevsky: Phys. Rev. B 55, 1476 (1997).

[14] Y. Dong, P. Puneet, T. M. Tritt and G. S. Nolas: J. Solid State Chem. 209, 1 (2014).

[15] D. R. Thompson, C. Liu, J. Yang, J. R. Salvador, D. B. Haddad, N. D. Ellison, R. A. Waldo
and J. Yang: Acta Mater. 92, 152 (2015).

[16] R. Liu, J. Yang, X. Chen, X. Shi, L. Chen and C. Uher: Intermetallics 19, 1747 (2011).

[
[
[
[
[

41



[17]Y. Tang, Y. Qiu, L. Xi, X. Shi, W. Zhang, L. Chen, S.-M. Tseng, S.-w. Chen and G. J. Snyder:
Energy & Environ. Science 7, 812 (2014).

[18] W. Zhao, P. Wei, Q. Zhang, H. Peng, W. Zhu, D. Tang, J. Yu, H. Zhou, Z. Liu, X. Mu, D. He,
J. Li, C. Wang, X. Tang and J. Yang: Nat. Comm. 6, 6197 (2015).

[19] K. Kurosaki, G. Li, Y. Ohishi, H. Muta and S. Yamanaka: Front. Chem. 2, 84 (2014).

[20] X. Shi, J. Yang, L. Wu, J. R. Salvador, C. Zhang, W. L. Villaire, D. Haddad, J. Yang, Y. Zhu
and Q. Li: Scientific Reports 5, 14641 (2015).

21]J. Leszczynski, A. Dauscher, P. Masschelein and B. Lenoir: J. Elec. Mater. 39, 1764 (2010).
22] K.-H. Park, J.-Y. Jung, S.-C. Ur and L.-H. Kim: J. Elec. Mater. 39, 1750 (2010).

23] W. Zhao, P. Wei, Q. Zhang, C. Dong, L. Liu and X. Tang: J. Am. Chem. Soc. 131, 3713 (2009).
24] E. Visnow, C. P. Heinrich, A. Schmitz, J. de Boor, P. Leidich, B. Klobes, R. P. Hermann, W. E.
Miiller and W. Tremel: Inorg. Chem. 54, 7818 (2015).

[25] D. Kim, K. Kurosaki, Y. Ohishi, H. Muta and S. Yamanaka: APL Mater. 1, 032115 (2013).

[
[
[
[

42



CHAPTER 1V

Thermoelectric Properties of Ce Single-Filled p-type Skutterudites

CoSbs-based filled skutterudites are known as good n-type thermoelectric (TE) materials.
However, the p-type ones have not been intensively investigated. In this study, we focus on Ce-
filled Fe-substituted CoSbs as p-type skutterudites, where Fe will act as a hole dopant.
Polycrystalline samples with nominal compositions of Ce,Fe,C04.,Sbi> (x = 0.8, 0.9, 1.0 and y =
3.0, 3.5) are synthesized and the high temperature TE properties are investigated. All the samples
show the p-type conduction as we expected. It is found that the samples with y = 3.5 exhibit clearly
lower x.t values than those of the samples with y = 3.0, meaning that the Fe/Co substitution is more
predominant than the Ce filling for the xa: reduction. The maximum z7 value observed in this study
is 0.78 at 704 K for the sample with x = 1.0, y = 3.5, which is close to the best value reported so far
for Ce-filled Fe-substituted CoSbs-based p-type skutterudites.

4.1 Introduction

In the present study, we show the enhancement of the zT of Ce-filled p-type skutterudites
Ce,Fe,Co4.,Sbi2 by tuning both the Fe/Co ratio and the Ce filling fraction. Furthermore, we show
that the Fe/Co substitution is more predominant than the Ce filling for the xat reduction in the

Ce.Fe,Co4,Sb1z system.

4.2 Results and Discussion

The powder XRD patterns of the SPS bulk samples are shown in Figure 4.1. It is
confirmed that all samples consist mainly of the skutterudite phase. A negligible amount of the
FeSb; phase is observed as the secondary phase in the samples except for the samples with x > 0.9,
y=13.0. The peak intensity of the secondary phase decreases with increasing x. The lattice parameter,
a, of the skutterudite phase calculated from the XRD patterns and the density values of the SPS
bulk samples are summarized in Table 4.1. The a values of the samples with y = 3.5 are clearly
larger than those of the samples with y = 3.0 when the Ce content, x, is the same. This is due to the
larger ionic radius of Fe** (0.074 nm) than that of Co*" (0.063 nm).[29] The a value of the sample
with x = 1.0, y = 3.0 is 0.9110(3) nm, which is in good agreement with the literature values for the

skutterudite having the same nominal composition (a = 0.9103 - 0.9115 nm) [30-33]. On the other
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hand, the a value of the sample with x = 1.0, y = 3.5 is 0.9120(2) nm, which is slightly lower than
the literature value for the skutterudite having the same nominal composition (¢ = 0.9127 nm)
[30,32]. The density of all the samples are above 97% of the theoretical density.

Figure 4.2 shows the FE-SEM images of the freshly broken surface of the SPS bulk
samples (x = 0.8, 1.0 and y = 3.0, 3.5). It can be confirmed that the samples are dense without
showing any remarkable cracks or pores. The sample with x = 0.8, y = 3.0 is composed of dense
grains and precipitates with the sizes of approximately 10 zzm and several hundred nm, respectively.
The precipitates are observed at the surface of the grains. Although the spatial resolution of the
EDS analysis prevents us to evaluate the composition of the precipitates quantitatively, we predict
that these precipitates are FeSb, based on the XRD results. The formation of FeSb, nanoparticles
in the p-type (Co,Fe)Sbs-based skutterudite samples has been reported in the previous papers [34].
On the other hand, as shown in Figure 4.2(d), no such precipitates are observed on the grains of the
sample with x = 1.0, y = 3.0. This means that the amount of the substituted Fe increases due to the
effect of the charge compensation caused by the introduction of higher amount of the filling atom.
The chemical compositions of the SPS bulk samples determined by the quantitative EDS analyses
are summarized in Table 4.2. The data are the average values of the point analyses performed at
more than 10 different grains. The Ce content in the skutterudite phase increases with increasing x
for both series of the samples with y = 3.0 and y = 3.5. Furthermore, the Ce content of the samples
with y = 3.5 is larger than that of the samples with y = 3.0, meaning that Fe substitution for Co
leads to the higher value of the maximum Ce content. In the present case, the actual Ce content of
the sample with x = 1.0, y = 3.5 is ~0.90, slightly higher than the literature value for the skutterudite
having the same nominal composition (~0.85) [32].

Table 4.3 summarizes the electrical resistivity p, Hall coefficient Ry, Hall carrier
concentration ny, and Hall mobility pu of the SPS bulk samples. The data for CeFe3;CoSbiz [35]
are shown for comparison. All samples show the p-type conduction. The ny values of the samples
with y = 3.5 is larger than those of the samples with y = 3.0. Moreover, the ny values decrease with
increasing the Ce content. These results can be explained by the simple carrier counting, i.e. the Fe
substitution leads to hole doping while the Ce filling leads to positive charge compensation by
electron doping. These results suggest that the carrier concentration of p-type Ce,Fe,Co4.,Sbi> can
be controlled by tuning both the Fe/Co ratio and the Ce filling fraction. The un values of the
samples with y = 3.5 is lower than those of the samples with y = 3.0. On the other hand, when the

y values are the same, the pu values are similar independent of the Ce content. This implies that,
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in the investigated range, the Ce filling has no significant influence on the carrier mobility in p-
type Ce.Fe, Co4.,Sbi.

Figures 4.3(a), 4.3(b), and 4.3(c) show the temperature dependences of p, S, and S2p !,
respectively, for the SPS bulk samples. These data are obtained by the ZEM-3 measurement. The
literature data for CeogFesCoSbi, [33] are also shown for comparison. Both the p and S of the
samples increase with increasing temperature, indicating a typical behavior for metals or
degenerated semiconductors. The samples with y = 3.5 show lower p and S compared with the
samples with y = 3.0. Generally, in case of point scattering effect by substitution, it has the best
effect on 50 % of displacement for thermal conductivity. However, this study shows the opposite
results, and this trend can be found in other papers although in no clear explanation for the reasons
[28]. Furthermore, the pand S increase with increasing the Ce content x in all cases. These results
can be simply explained from the carrier concentration as summarized in Table 4.3, where the nu
values of the samples with y = 3.5 are clearly higher than those of the samples with y = 3.0, and the
nu values of all samples decrease with increasing the x value when the y values are the same. The
S of all samples monotonically increase with temperature up to around 700 K and then start to
decrease after reaching a maximum. One of the reasons for the reduction of S at high temperature
is the onset of a bipolar conduction. The maximum S value is ~180 £V K~'at 704 K obtained for
the sample with x = 1.0, y = 3.0, which is close to the literature value for the skutterudite having
the same nominal composition (~180 xV K-'at 704 K) [32]. As shown in Fig. 4.3(c), the
S2p !t values of the samples with y = 3.5 are slightly higher than those of the samples with y = 3.0.
The sample with x = 1.0, y = 3.5 shows the maximum 2o of 2.6 MW / mK? at 704 K.

Temperature dependences of the x and Klat (= k1) for the SPS bulk samples are shown
in Figures 4.3(d) and 4.3(¢), respectively. The Wiedemann—Franz law (xe1 = L7p') was applied to
estimate the &1, where L = 1.5 + exp [-|S|/116] WQK? was used [37]. As shown in Fig. 4.3(d), the
xvalues for the samples with y = 3.5 are much lower than those of the samples with y = 3.0.
However, above the room temperature, carrier-phonon interaction has negligibly small effect. And
also, at high temperature, phonon-phonon Umklapp decreases exponentially. Therefore, more
research is needed because there is obvious that the substitution of Fe has affected the reduction of
thermal conductivity. Moreover, the similar trend is also shown in the xiat (Fig. 4.3(¢)). On the other
hand, when the y values are the same, the xat values are similar independent of the Ce content.
These results indicate that the Fe/Co substitution is more predominant than the Ce filling for the

xlat reduction in the Ce Fe,Co4,Sbiz system. The xiat of all samples reach minimum values around
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700 K, and then increase slightly at high temperature, due to the bipolar effect which is also
observed in the temperature dependence of S (Fig. 4.3(b)). The minimum ¢ value is ~0.99 Wm'!
K'at 750 K obtained for the sample with x = 0.8,y =3.5.

The zT values of the samples evaluated from the measured TE properties are shown in
Figure 4.3(f). The zT values of the samples with y = 3.5 are clearly higher than those of the samples
with y = 3.0, which is due to the lower xat of the samples with y = 3.5 in spite of the similar
S2p'values in the y = 3.0 and 3.5 samples. The maximum zT value observed in this study is 0.78
at 704 K for the sample with x = 1.0, y = 3.5, which is close to the best value reported so far for
Ce-filled Fe-substituted CoSbs-based p-type skutterudites (~0.88 at 700 K) [36]. In addition to the
evaluated zTmax, we also evaluated z7eng [38] of the SPS bulk samples with nominal compositions
Ce,Fe,Co4,Sbiz (x = 0.8, 0.9, 1.0 and y = 3.0, 3.5), where the cold side temperature 7. was set as
373 K. The results are shown in Fig. 4.4, where the literature data [29] are also shown for
comparison. The sample of x = 1.0, y = 3.5 exhibits the highest values not only in z7ax but also in
ZTeng. The maximum z7eyg is 0.39 at AT = 331 K, which is slightly higher than the literature data
[29].

Table 4.1. Lattice parameter of the skutterudite phase and density of the SPS bulk samples of
Ce.Fe Co4,Sbi (x=0.8,0.9, 1.0 and y = 3.0, 3.5).

Nominal Density (g - cm™) Relative Density
a (nm)
composition Theoretical Experimental (% T.D.)
CeosFes0Co1.0Sbiz 0.9100(3) 7.81 7.75 99
CeooFes0Co1.0Sbiz 0.9107(1) 7.91 7.73 98
CeioFes0Co1.0Sbiz 0.9110(3) 8.05 7.81 97
CeosFe3 5Coo.5Sbin 0.9118(3) 7.88 7.64 97
CegoFe3 5Co05Sbin 0.9119(5) 7.92 7.76 98
Cei.oFes5Co0.5Sbiz 0.9120(2) 7.98 7.82 98
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Table 4.2. Chemical compositions of the skutterudite phase regions of the SPS bulk samples with
the nominal compositions of CesFe,Co4.,Sb12 (x = 0.8, 0.9, 1.0 and y = 3.0, 3.5). The chemical
composition is determined by the quantitative EDS analysis, where all the data are the average

values obtained by repeating the point analyses at least 20 times.

Results of the quantitative EDS analysis (at. %)

Nominal composition Chemical composition
Ce Fe Co Sb
Ceo.sFes.0Co1.0Sbrz 4.4 17.2 6.4 72.0 Ceo.75Fe2.83C01.07Sb12.10
Ceo.9Fe30Co1.0Sbrz 4.9 17.5 59 71.7 Ceo.83F€2.96C01.00Sb12.11
Ce1.0Fes.0Co1.0Sbrz 5.1 17.9 5.4 71.6 Ceo.87F€3.04C00.92Sb12.16
Ceo.sFe35Co0.5Sbrz 4.5 21.1 3.0 71.4 Ceo.76F€3.55C00.50Sb11.99
Ceo.9Fe35C00.5Sbrz 4.9 20.3 32 71.6 Ceo.82Fe3.55C00.54Sb11.99
Ce1.0Fes5Co0.5Sbiz 5.1 20.0 32 71.7 Ceo.90Fe3.55C00.555b12.00

Table 4.3. Electrical resistivity p, Hall coefficient Ry, Hall carrier concentration nu, and Hall
mobility g+ of the SPS bulk samples with the nominal compositions of Ce,Fe,Co4.,Sbi2 (x = 0.8,
0.9, 1.0 and y = 3.0, 3.5). All the data are obtained at room temperature. The data for CeFe3;CoSbi»

[35] are shown for comparison.

Nominal composition p (10“Qcm) Ru (102cm®C) nyg (10%%cm) n (cm?V-ish
Ceo.sFe30Co1.0Sbiz 8.15 4.69 1.3 58
CegoFes; 0Co1.0Sbiz 9.06 5.77 1.1 64
Cei.0Fe;0Coi10Sbiz 10.3 6.96 0.9 67
Ceo.sFe3 5Co0.5Sbiz 5.53 2.13 2.9 42
CeooFes5Co0.5Sbiz 6.16 2.61 2.4 42
Cei.0Fe; 5Co0.5Sbiz 6.99 3.08 2.0 49

CeFe;CoSbyo** 7.69 2.33 2.7 -

47



¥ FeSb, x=0.8, y=3.0
.‘l v \ll A hooA I
|| x=09, y=3.0
L
I I \ ) A a ) X
= . x=1.0, y=3.0
= |
,.Q. I H . A I
e . x=08,y=35
S
3’ .-‘l M JI‘ A A hA A
b4 x=09, y=35
8 L
= el
. x=1.0,y=35
\| |
oY -, - A
CoSb,
\ P | | |
1 ]
20 40 60 80

Diffraction angle, 20 (degrees, Cu Ka)

Fig. 4.1. Powder XRD patterns of the SPS bulk samples of Ce.Fe,Co4,,Sbiz (x =0.8, 0.9, 1.0 and
v=3.0,3.5).
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Fig. 4.2. FE-SEM images of the broken surface of the SPS bulk samples with the nominal
compositions of x = 0.8, 1.0 and y = 3.0, 3.5 in CexFe,Co4.,Sbi>.
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Fig. 4.4. zTeng [38] of the SPS bulk samples with nominal compositions CeFe,Co4.,Sb12 (x = 0.8,
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4.3 Conclusions

Ce-filled p-type skutterudites Ce,Fe,Cos,Sbi2 (x = 0.8, 0.9, 1.0 and y = 3.0, 3.5) were
prepared and their TE properties were evaluated from room temperature to 773 K. All samples were
mainly composed of the skutterudite phase and showed the p-type conduction. The hole carrier
concentration increased with increasing the Fe content, while decreased with increasing the Ce
filling fraction. Thus, the carrier concentration was optimized by tuning the Fe/Co ratio and the Ce
filling fraction. The xiat values were similar independent of the Ce filling faction, when the Fe/Co
ratio is the same. On the other hand, the samples with y = 3.5 exhibited clearly lower xia values
than those of the samples with y = 3.0. The present study revealed that the Fe/Co substitution is
more predominant than the Ce filling for the xiat reduction and the best composition is x = 1.0, y =

3.5 in Ce,Fe,Co4,,Sb12, showing the maximum z7 values of 0.78 at 704 K.
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CHAPTER V

Thermoelectric Properties of Ga and Ce Double-Filled p-type

Skutterudites

Among the p-type filled skutterudites, Ce single-filled (Co,Fe)Sbs is known as a
promising thermoelectric material. Here, we try to enhance the thermoelectric properties of Ce-
filled (Co,Fe)Sbs by co-filling of Ga. We synthesize the samples in the nominal compositions
Ga,CeFe35C00.5Sbiz-3 (x=10.06, 0.09, 0.15, and 0.21) and examined their thermoelectric properties
from room temperature to 773 K. It is confirmed that Ga can occupy not only the void site but also
the Sb site, i.e., the chemical formula can be expressed as (Gavr)23CeFes sC00.5Sbi2-v3(Gasp )3,
where Gavr and Gas, mean Ga in the void and Sb sites, respectively. Ga contributes to optimize the
carrier concentration as well as to reduce the lattice thermal conductivity. Owing to these Ga
contributions, the material’s thermoelectric figure of merit z7 is enhanced and reaches 0.85 in

maximum at 773 K, which is obtained for the sample with x = 0.15.

5.1 Introduction

Thermoelectric (TE) power generation enables a direct conversion from waste heat to
electricity based on the Seebeck effect of TE materials. TEs are considered to be utilized in wide
applications such as waste heat recovery in automobiles [1,2]. The energy conversion efficiency of
TEs is determined by performance of the TE materials called material’s dimensionless figure of
merit, defined as, zT = S?cT/x, where S, o, 7, and « are the Seebeck coefficient, electrical
conductivity, absolute temperature, and total thermal conductivity, respectively. S?cis called as
power factor. Normally, x consists of an electronic (xer) and a lattice part (xat), 1.€., K = KeltKlat. S,
o, and xe are intimately related with each other as a function of carrier concentration of a given
material, which is a major obstacle to enhance the z7. On the other hand, s is independent of the
carrier concentration, thus, many researchers have tried to minimize the xat for enhancement of the
zT [3-6].

Skutterudite compounds show good TE performance at intermidiate temperature range.
The crystal structure of skutterudites such as CoSbs contains two large interstitial voids per unit

cell, [7,8] where various elements, such as rare earths elements, [9-12] alkaline metals, [13,14] and
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group 13 elements [15-18] can be introduced to form filled skutterudites. Notably the filler
elements inserted in the voids rattle and act as an effective scattering source for heat carrying
phonons leading to the xat reduction. They also act as electron donors to make n-type skutterudites
and help adjusting the carrier concentration to optimize the power factor. Meanwhile, p-type ones
can be made by substituting transition metals, such as Fe substitution with Co in CoSbs [9,11,18-
20].

Although similar performance in both n- and p-type TE materials is required for a
powerful TE module, p-type skutterudites show lower TE performance than n-type ones normally.
For example, R(Co,Fe)sSbir-based single-filled p-type skutterudites, where R represents a filler
element, present small Seebeck coefficient and carrier mobility compared with those of n-type
RCo4Sbi,. It has been reported that by increasing the filling fraction of R in R(Co,Fe)4Sbi2, the hole
concentration is suppressed by electron doping, leading to the increase in the S but decrease in the
0[20,21]. As a result, S can’t be enhanced and remains at a low value [10,22-24].

Recently, double-filled or multiple-filled skutterudites have been investigated [25,26]. In
many cases, double-filled skutterudites exhibit higher z7 values than single-filled ones. On the
other hand, it has been reported that Ga can be a good filler element for n-type RCo4Sbiz [27-29].
In addition, it has been found that besides the void site, Ga can occupy the Sb site too, in n-type
filled skutterudites [30].

Here, we investigate the effect of Ga on the TE properties of p-type (Co,Fe)sSbiz-based
double-filled skutterudites. Ce is selected as the first filler element, because Ce single-filled p-type
skutterudites show relatively good TE properties [26,31,32]. Then, Ga is selected as the second
filler element to make Ga and Ce double-filled p-type skutterudites. Samples with the nominal
compositions Ga,CeFes5C00.5Sbi2.3 (x = 0.06, 0.09, 0.15, and 0.21) are synthesized and their TE

properties are examined from room temperature to 773 K.

5.2 Results and Discussion

Figure 5.1 shows the powder XRD patterns of the SPS bulk samples. It can be confirmed
from the XRD patterns that the main phase of all the samples are the skutterudite phase. The lattice
parameters of the SPS bulk samples are listed in Table 5.1, showing that the lattice parameter
increases with increasing x in Ga,CeFe35C005Sbi2.s3 except for x = 0.21. Generally, Ga and Ce
filling into the voids expands the lattice parameter of the skutterudite structure [28,32]. On the other
hand, the substitution of Ga with the Sb site tends to shrink the lattice [29]. Thus, the increase in
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the lattice parameter observed in this study implies that the Ga void-filling is more predominant
than the Ga substitution with Sb site. Actually, Xi et al. have reported that the ratio of Ga atoms at
the void site to those at the Sb sites for Ga-added n-type CoSbs is very close to be 2:1 [30]. As
summarized in Table 5.1, the densities of all samples are over 96% of the theoretical values.

Figure 5.2 shows the FE-SEM images of the broken surface of the SPS bulk samples.
Dense structures without any cracks or pores are observed. The grain sizes are around ~10 zm.
Although small amounts of nanoscale precipitates have been observed in Ce single-filled p-type
Fes35Co1.5Sbis after exceeding the filling limit of Ce, [31,33] no such precipitates are observed in
the present case. Substitutions of Fe with Co increases the lattice volume, which would lead to
increase in the filling limit, results in the production of no such precipitates. The chemical
compositions of the SPS bulk samples obtained from the quantitative EDS analyses are summarized
in Table 5.2. The point analyses were performed at more than 15 different grains and the average
values were used. Note that here, we assume that Ga is located at both the void site and the Sb site
with the ratio of 2:1 according to the previous study [30]. Room temperature values of the p, nn,
and p are listed in Table 5.3, which are obtained from the Hall effect measurements. Here, the data
for CeFes sCoo5sSbiz [31] are shown for comparison. With increasing x in Ga.CeFe3 5C00.5Sbi2.v3,
the nu decreases, while the un increases slightly. It is considered that the charge compensation
occurs in the present case, because Ga in the void site would donate one electron while Ga in the
Sb site would donate two holes [26]. Thus, the decrease in the ny is due to the increase in the Ce
content in the skutterudite phase. Actually, as can be confirmed through the quantitative EDS
analysis (Table 5.2), the Ce content increases with increasing x in Ga,CeFe3 5C00.5Sbi2.,3. On the
other hand, the u+ values increase slightly with increasing x, which is probably due to the decrease
in the carrier-carrier scattering caused by the decreased ny at high carrier concentration region over
10% cm™.

The temperature dependences of o, S, and S?cof the SPS bulk samples are shown in
Figures 5.3(a), 5.3(b), and 5.3(c), respectively. The literature data for CeFessCoosSbi [31] are
shown for comparison. The o values increase gradually with increasing x in Ga,CeFe35C00.5Sbia-
3, except for x = 0.21. The S values of all samples indicate positive values, i.e. the samples are p-
type. As can be expected from the variation of the np, the S values increase with increasing x.
Moreover, the S of all samples shows positive temperature dependence while the o shows negative
one, indicating a typical behavior for degenerated semiconductors. In particular, the present

samples show slightly higher S values than the Ce single-filled ones, leading to higher power factor.
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As a result, the sample with x = 0.15 shows the maximum power factor of 2.9 mW/mK? at 756 K.

Figure 5.3(d) and 5.3(e) show the temperature dependences of x and it for the SPS bulk
samples, respectively. We evaluated the xat using the Wiedemann-Franz law (xel = LoT), where L
is the Lorenz number (L = 2.45 x 10® WQK?). The literature data for CeFessCoosSbia [31] are
shown for comparison. The x shows rather flat temperature dependence, while the xa slightly
decreases with temperature. The xa decreases with increasing x in Ga,CeFes sC00.5Sbis.x3 except
for x = 0.21. The minimum xat value is ~0.59 Wm'K™! at 756 K obtained for the sample with x =
0.15, which is almost similar with the minimum value reported so far for Ce single-filled p-type
skutterudites. This significant reduction in the xat is due to the effective phonon scattering by both
rattling of Ce and Ga in the void sites and substituted Ga at the Sb site.

The zT values of the SPS bulk samples calculated from the measured TE properties are
shown in Fig. 5.3(f). The zT values of the samples except for the sample with x = 0.06 are higher
than those of the literature data of Ce-single filled p-type skutterudites CeFe3 sCoo.5Sbiz [31]. The
results show that Ga co-filling into Ce-filled p-type skutterudites is effective for enhancement of

zT. The sample with x = 0.15 exhibits the maximum z7 of ~0.85 at 756 K.
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Fig. 5.1. Powder XRD patterns of the bulk samples of GaCeFe3 5C00.5Sbi2-v/3 (x = 0.06, 0.09,
0.15,and 0.21).

Table 5.1. Lattice parameter of the skutterudite phase and density of the bulk samples of
Ga,CeFe35C00.5Sbi2-w3 (x =0.06, 0.09, 0.15, and 0.21).

Lattice Density (g - cm™) Relative density

Nominal composition

parameter (nm) Theoretical Experimental (% T.D)
Gap.0sCeFes5C005Sbi1.g8 0.9105(4) 8.01 7.97 99
Gap.0sCeFes5C00.5Sb11.97 0.9114(5) 8.02 7.69 96
Gap.15CeFes5C00.5Sb11.95 0.9118(2) 8.03 7.88 98
Gap.21CeFes5C00.5Sb11.93 0.9113(3) 8.05 7.93 99
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Table 5.2. Chemical compositions at the skutterudite phase regions of the SPS bulk sample with
nominal compositions of Ga.CeFe35C00.5Sbi2.x3 (x = 0.06, 0.09, 0.15, and 0.21). The chemical

composition is determined by the quantitative EDS analysis, where all the data are the average

values obtained by repeating the point analyses at least 20 times.

Results of the quantitative EDS analysis (at. %)

Nominal composition

Ga

Ce

Fe

Co Sb

Chemical composition

Gao.06CeFes.5C00.5Sb11.98

Gao.00CeFes.5C00.5Sbi1.97

Gao.15CeFes.5C00.5Sbi1.95

Gao.21CeFes.5C00.5Sbi11.93

0.3%0.1

0.3£0.2

5504

21.0£0.7

21.1£1.1

21.1£04

21.0%£0.6

3.0+04 703%09

29+0.7 702%1.7

29+03 70.1*+1.1

3.0£0.5 70.1+0.8

Gao.o5Ceo.86Fes.49C00.51Sb11.97

Gao.o7Ceo.88Fes.50C00.505b11.95

Gao.1Ceo.89Fe3.51C00.4905b11.94

Gao.12Ceo.88Fe3.490C00.515b11.92

Table 5.2. Electrical resistivity p, carrier concentration ny, and Hall mobility g+ of the bulk samples
of Ga,CeFes5C005Sbi2.s (x = 0.06, 0.09, 0.15, and 0.21). All the data are obtained at room

temperature. The data for CeFes sCoo5Sbiz [31] and CeFe3CoSbi» [26] are shown for comparison.

Nominal composition £ (10Qcm) nu (102%cm)  (cm?V-isTh)
Gag 06CeFe; 5C00.5Sbi1.9s 7.8 2.3 44
Gag.0oCeFe35C00.5Sbi1.97 7.1 2.1 48
Gay 15CeFe; 5Co0.55b11 .95 6.7 2.0 50
Gap21CeFe; 5C00.5Sbii.93 7.6 2.1 48
CeFes.5Co0sSbiz [31] 7.0 2.0 49
CeFesCoSbis [26] 7.7 2.7 -
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Fig. 5.2. FE-SEM images of the broken surface of the bulk samples of Ga,CeFe35C00.5Sb12.v3 (x =
0.06, 0.09, 0.15, and 0.21). (b), (d), (f), and (h) are the magnified images of the yellow regions in

(a), (¢), (e), and (g), respectively.
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Fig. 5.3. Temperature dependences of the (a) electrical conductivity o, (b) Seebeck coefficient S,
(c) power factor S?c, (d) total thermal conductivity «, (e) lattice thermal conductivity xat (= -x <),
and (f) zT for the bulk samples of Ga,CeFessCoos5Sbias (x = 0.06, 0.09, 0.15, and 0.21). The

literature data for CeFes sCoo.5Sbi2 [31] are shown for comparison.

5.3 Conclusions
The effect of Ga and Ce co-filling on the TE properties of p-type skutterudites

Ga,CeFe35C00sSbioxs (x = 0.06, 0.09, 0.15, and 0.21) were studied. Dense samples of
Ga,CeFes5Co0.5Sbi2.x3 were obtained through a solid-state reaction followed by SPS. Under the
assumption that Ga is located at both the void site and the Sb site with the ratio of 2:1, the charge
compensation should occur which results in a constant carrier concentration regardless of different
x in Ga,CeFe35C00.5Sbi2.v3. Nevertheless, the hole carrier concentration decreases slightly with

increasing x, which is due to the increase in the Ce content in the skutterudite phase. The present
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samples showed higher power factor than the Ce single-filled system due to the optimized carrier
concentration. The xat decreases with increasing x due to the rattling effect of double-filled Ga and
Ce and alloying effect by substituted Ga with the Sb site. As a result, even though the present
samples are p-type ones, they show very nice z7 values, 0.84 in maximum at 756 K for the sample

with x = 0.15, higher than the best value obtained for the Ce single-filled p-type skutterudites.
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CHAPTER VI

Summary and Discussion

In the present study, we investigated about p-type CoSbs based skutterudite compounds
as bulk TE materials to improve TE performance. In particular, in order to synthesis for p-type TE
materials, Co elements substituted with Fe elements, which is expected to not only enhance the
electrical properties by optimization of carrier concentration but reduce the lattice thermal
conductivity caused by point defect. In addition, we introduced various filling elements (such as
In, Ce, and Ga) into the void site for reduction of lattice thermal conductivity due to the rattling
effect caused by fluctuation of introduced filler atoms. And also, we attempted to optimize the
carrier concentration tuning the ratio of filling elements (In, Ce, and Ga)/substitution element (Fe)
for enhance the electrical properties. The results that were obtained this study are summarized as
follow:

1) In chapter III, we confirmed that the maximum filling fraction limits of In as filling
element in In,FeCo3Sbi» system is to be less than 0.43 from the results of XRD and FE-SEM/EDS
analysis. Also, we confirmed that excess In promoted the grain growth and generation of precipitate
such as InSb. However, generated precipitates did not act a big role on phonon scattering, inversely,
led to reduced electrical properties because they did not participate the reduction of carrier
concentration. Thus, we could confirm that it can’t be expected to enhance the TE properties due
to the precipitates generated during the synthesis process. As a result, we could reduce the lattice
thermal conductivity and improve the power factor due to the rattling effect and carrier
concentration control caused by introduced In.

2) In chapter IV, we investigated the effect of Ce as filler and Fe as substation element on
TE properties. In particular, we tried to find the optimum carrier concentration by tuning the Fe/Co.
In this study, we could obtain almost single phase sample for all composition, thus precipitates did
not greatly affect for TE properties. We could optimize the carrier concentration by tuning the
Fe/Co and confirm that the optimum chemical composition is y = 3.5. Although the lattice thermal
conductivity reduced with Ce, we confirmed that substituted Fe is more predominant than Ce filling
for lattice thermal conductivity reduction. As a result, we could enhance the electrical properties
by optimizing of chemical composition and reduce the lattice thermal conductivity by introduced
Ce and substituted Fe. However, to identify specific reason for the effects of substituted Fe on the
reduction of lattice thermal conductivity, we need to do follow-up research such as modeling.

3) In chapter V, we try to enhance the TE properties of Ce-filled (Co, Fe)Sbs by co-filling
of Ga. Because there were reports about that Ga can occupy not only void site but also Sb site with

the ratio 2:1, we tried to confirm the behavior of Ga in skutterudite phase. And also, we expected
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that the reduction of lattice thermal conductivity due to the Ga, Ce co filling. The expected
reduction of lattice thermal conductivity caused by the double (Ga and Ce) filling was not
significant, however, we could improve power factor by optimization of carrier concentration. As
a result, even though the present samples are p-type ones, we could obtain very nice z7 value 0.84.

Figure 6.1 shows the figure of merit z7 of (In, Ce and Ga)-filled skutterudites. And also,
the right figure indicated the effect of each factor for figure of merit z7" values. Number 1 shows
the effects of single phase, small size grains and small amounts filler due to the filler elements. And
number 2 shows the effect of charge compensation due to the large amounts filler atom. Also,
number 3 shows the effect of optimization of chemical composition by doping control due to the
changing of ration with Fe/Co and filler atom. Finally, number 4 shows the effect of dual site
occupancy of Ga with Sb site and void site in skutterudite. As a results, I attempted to enhance the
TE properties of (Fe,Co)Sbs, I could obtain the sample with best TE performance through the using

these methods.
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Fig. 6.1. Figure of merit z7 of (In, Ce, Ga)-filled skutterudites with best chemical composition.
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Fig. 6.2. Schematic image of dual site occupancy of Ga in skutterudite.
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In this thesis, I firstly applied the concept of dual site occupancy for Ga element to p-type
(Fe,Co)Sbs TE materials as shown in Figure 6.2. And also, I could improve TE properties of p-type
TE materials, and confirmed that this method is effective for enhancement of TE performance,
moreover, [ could optimize the chemical composition of (Fe,Co)Sbs skutterudite compounds using

the various method as shown in figure 6.3.

Optimization of chemical
composition

Chapter 3

e By introduction of single-filler atom.

Chapter 4

¢ By introduction of single-filler atom
and changing Fe/Co ratio.

Chapter 5

e By introduction of double-filler atom ,
changing Fe/Co ratio and dual site
occupancy of Ga.

Fig. 6.3. Strategies to improve TE performance for p-type TE materials.

Finally, through these studies, I confirmed that the carrier density control by optimizing
of chemical composition and rattling effect by introducing of filler could be effective way to
enhance the TE properties of bulk TE materials such as skutterudites. I expect these results to help
develop other TE materials, and also I expect that the problems of energy crisis or environmental

pollution will be resolved gradually through commercialization of TE materials.
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