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CHAPTER |

Introduction

1.1 Background of Thermoelectric Materials

The fossil fuel brought unprecedented glory to human society. Unfortunately,
the average efficiencies of power generation are very limited, only about 40% of the
energy we can use, while the remaining 60% are wasted as thermal energy and so
on.D In addition, excessive exploitation of natural resources makes it nearly depleted.
Moreover, the burning production CO: results in the global warming. And such global
climate changing is becoming increasing alarming. In one words, we are facing the
depletion of nature resources and a serious environmental problems, ex.), air
pollution and the global warming and so on. However, about 90 % of world’s energy

consumption is still dependent on the fossil fuel even today.2)

Therefore, search for new friendly environmental energy sources recently
became of major importance in our modern societies. One way to improve the
efficiency of power generation is through the recycling of waste heat with
thermoelectric generators as shown in Figure 1.1% Consequently, the electricity
generation from waste heat via thermoelectric materials can be seen as a new “green”
energy source. The conversion of waste heat into electrical energy may play an
important role in present challenge to develop alternative energy technologies to
reduce our dependence on fossil fuels and reduce the greenhouse gas emissions.
In addition, they can also be used in solid-state refrigeration devices (base on Peltier

effect, details shown in next section).

Radioisotope thermoelectric generators (RTGs) are used as power supply
in the space application by NASA. Power-generation applications are currently being
investigated by the automotive industry as a means to develop electrical power from

waste engine heat from the radiator and exhaust systems for use in next-generation



vehicles. In addition, TE refrigeration include seat coolers (heater) for comfort and

electronic component cooling (a small scale cooling applied in computer) and so on.%

Heat absorbed

Substrates

Thermoelectric

elements Metal

External
—electrical
connection

Heat rejection

Figure 1.1 Thermoelectric module showing the direction of charge flow on both cooling

and power generation.®

For those reasons, recent two decades, thermoelectric material (TE) has
attracted much attention due to the direct energy conversion from waste heat to
electrical power, and could be an important part of the solution to future power supply

and sustainable energy management.



1.2 Thermoelectric Phenomena
1.2.1 Seebeck Effect

The development of TE materials was started from Thomas Johann
Seebeck’s accidental 1820s discovery that a compass needle deflected when placed
in the vicinity of a closed loop formed from two dissimilar metal conductors if the
junctions were maintained at different temperatures.>® In the beginning, Seebeck
believed that it was induced by magnetism. However, it was quickly realized that it
was an electrical current induced from temperature difference between two junctions
of materials as shown in Figure 2. In other words, the temperature difference
produces an electric potential (Voltage) which can drive an electric current in a closed
circuit. This is the so called Seebeck effect. And the magnitude of the voltage was
proportional to the temperature difference and depended on the type of conducting

material as shown in equation 1.1:
V=5(T,-T.) (1.1)

where, V is the potential voltage, Ty and Tc are the hot and cold temperatures
forming the temperature gradient, and the proportionality constant (S) is known as
the Seebeck coefficient or thermopower. And, the Seebeck voltage (V) does not
depend on the distribution of temperature along the metals between the junctions.
Such voltage or current production across the junctions of two different materials is
caused due to the diffusion of electrons from high electron density region to low
electron density region as the density of electrons is different in different materials. If
the temperature are same on the both junctions, equal amount of electron will
diffuses from each sides and drive toward to the opposite directions, thus the net
current is zero, and if both the junctions are kept at different temperature then
diffusion at both the junctions are different amount of current is produced. Therefore,

the net current is not zero. This is known as the phenomena of thermoelectricity.
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Figure 1.2 Schematic illustrations of a thermoelectric module for power generation and

Seebeck effect.?

1.2.2 Peltier Effect

The converse phenomena versus to the Seebeck effect is the so called Peltier
effect, which was discovered by Jean Charles Athanase Peltier in 1834. And it states
that a temperature difference created by applying a voltage between two electrodes
connected to a sample of semiconductor material. In other words, an electrical
current would produce heating or cooling at the junction of two dissimilar metals as

shown in Figure 3.19 The Peltier coefficient (IT) is described as following equation;

T = Ildg—tAB (1.2)
where, dQag/dt and 7 are the rate of heat transfer at the junction and the electrical
current, respectively. This phenomenon can be useful when it is necessary to transfer
heat from one medium to another on a small scale. For example, Peltier-effect
devices are used for thermoelectric cooling in electronic equipment and computers

when more conventional cooling methods are impractical.
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Figure 1.3 Schematic illustrations of a thermoelectric module for active refrigeration and

Peltier effect.?

1.2.3 Thompson Effect

Thompson effect is the last one of three types of thermoelectric effect. And
it describes that the radiation or absorption of heat energy from a material that has
both temperature and voltage gradients. The Thompson effect states that in the

absence of Joule heating, the heat gained or lost is given by

_ 4

= 1.3
T T (1.3)

where, 7, Qr, | and T are the Thomson coefficient, heat, electrical current, spatial
coordinate and temperature, respectively. It should be noted that the Seebeck and
Peltier coefficients describe heat transfer in a system consist of two dissimilar
materials, while the Thompson effect describes heat flow in a single material. From
the Tompson effect, it can be shown that

ds,,

T, —T, = a7 (1.4)

and consequently that?



I1,=S,T (1.5)

The equation 1.5 shows that the Thomson effect leads to a direct relationship

between the Seebeck and Peltier coefficient.

1.2.4 Thermoelectric Efficiency

Like all heat engines, thermoelectric generators are bound by the Carnot limit

on efficiency.

AT T,-T,
77Carnot = =
T, T,

(1.6)

Thermoelectric device performance relies directly on the temperature

gradient (AT ) and thermoelectric figure of merit (ZT ).9

T, -T, J1+ZT, -1
Tw  fi+zT, +1c

T

77 = nCarnot‘nD = (17)

I

where, Ty and Tc are the temperature of the hot and cold ends in a thermoelectric
module and Tw is the average temperature. And ZT is the so called dimensionless

figure of merit.

This equation imply that the energy conversion efficiency of thermoelectric
device will never exceed the Carnot efficiency. Figure 1.4 shows that for a ZT =1
and a temperature gradient of 400K, the efficiency is around 10%. To increase the
efficiency, it is necessary to increase ZT or to increase the temperature gradient. In

other words, the TE materials should have high ZT, and stable at high temperature.



Maximum efficiency, 7(%)

400 600 800 1000 1200
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Figure 1.4 Temperature dependence of thermoelectric energy conversion efficiency with

various values of ZT.

1.2.5 Optimization of Thermoelectric Figure of Merit

The primary index for evaluation of thermoelectric materials is the

dimensionless figure of merit, ZT

2 2
Sop__ 50 ¢ (1.8)
K Kele +Klat

LT =

This equation indicates that the dimensionless figure of merit, ZT is
proportional to the Seebeck coefficient (S), and electrical conductivity (o), but
inversely proportional to the thermal conductivity (x). Therefore, an enhancement of
ZT need to improve electrical properties (S, o), meanwhile, reduce the thermal
conductivity (x). However, the electronic contribution to the thermal conductivity (xele)
has strongly interrelated to the electrical conductivity (xee = LoT), thus the
independent control is difficult. In addition, S and o is also interrelated closely

through carrier concentration (n). Unfortunately, the higher n the higher o, and the

lower S.



21,2 2/3
S 87°kgT m*( T j w9

" 3gh?  (3n

where, m’is the effective mass of the carrier. Therefore, the optimization process
for carrier concentration should be carry out for maximizing the power factor (S%c) as
shown in Figure 1.5. This figure indicates that the maximum S?c and ZT located in
the carrier concentration of 10 ~ 102! carriers per cm3, which fall in between
common metals and semiconductors, that is, the concentration must be found in

heavily doped semiconductors.

L N S S S S S S S S SE S S S T T T T T T

g [ Power Factor _ Conductivity %
- oy 2 19
Zf So=8p / N\ o=lUp /1%
v | / \ 18
T / ]2
£ t Seebeck / ‘\ 10
4 ©

o S / \ 1 3
2 / \ g
% L / \ 18
8 ; / Heavily Doped \ 1=
< I ) Semiconductor £ | B
S [ Semiconductor , \ Metal q
0 [ 7 \ 1
o ” \ 10
5} - 15
(/) _" \ d 3

17 18 19 20 21 22
Log (Carrier Concentration)

Figure 1.5 Carrier concentration dependence of electrical conductivityo, Seebeck

coefficient S, and power factor S%25.1?



1.2.5.1 Electrical Conductivity

At the simple level, electrical conductivity can be describe as the product of

the carrier concentration (n), the charge per carrier (e), and the charge mobility ().
o=heu (1.10)

Correspondingly, the electrical resistivity is the reciprocal of electrical conductivity,

and describe how strongly a given material opposes the flow of electric current.

p=— (1.11)
(o}

The Wiedemann-Franz law describes a general relationship between electronic
contribution of the thermal conductivity (xele) to the electrical conductivity (o) of a

metal, and the ratio is proportional to the temperature (T).13)

K
—de = LT (1.12)
O

where, L known as the Lorenz number, is equal to

2 2
L= GﬁT _ %(%) = 2.44x107°WQK 2 (1.13)

The functions shown in above, indicating that a fixed ration between thermal
conductivity and electrical conductivity, meaning that a large Seebeck coefficient is
required to produce a high energy conversion efficiency in thermoelectric devices.

For metals or degenerate semiconductors, the Seebeck coefficient (S) is given by:1%

srk? . (z )"
S = EmT| —
3eh® (an (1.9)

Equation (1.9) shows that low carrier concentration insulators and even
semiconductors have large Seebeck coefficient. However, low carrier concentration

also results in low electrical conductivity according to the equation (1.10).

9



1.2.5.2 Carrier Concentration

In the case of semiconductor, there is a band-gap energy Eq between valence
band and empty band which is appreciably greater than that of kT. The concentration
of electrons in the intrinsic semiconductor is equal to the concentration of holes and

is given by

2kTN2/ . o E
n,=n, = Z(Tj (m;m; )" eXIO(— Zk?rJ (1.14)

sk

where, h is Planck’s constant, m; and m; are the effective masses of the
electron and hole respectively. And they depend on the strength of interactions
between the electron and holes and the lattice. And the sigh might be positive or
negative, and the values might be larger or smaller than the rest mass of electrons.

And since,

o = |e|(Net, + Ny ty) (1.15)

The electrical conductivity in semiconductor can be written as,

27KT M2 s E
G{ZIEI( -2 j (mim; ' exp[— ZkgTH(uewh) (1.16)

where, E4 is the band gap energy at room temperature for materials. From the
equation mentioned above, the inherent conductivity and carrier concentration
strongly dominated by the ratio between band gap and temperature, Eg¢/ ke T. And the

larger Eg¢/2ksT the lower carrier concentration, result in a lower electrical conductivity.

10



1.2.5.3 Carrier Mobility

The carrier mobility is defined as the magnitude of velocity of charge carrier

in a unit strength of electric filed.
w=Nv/E (1.17)

In electric filed, the sigh of velocity of electrons and holes is opposite. The velocity of

charge carrier in electric filed known as,
v=qE/m (1.18)

where, ris the relaxation time, E is the electric filed strength, and m is the mass of

particle. Thus, the velocities of electrons and holes can be written as,
u,=er, /Im, u =er,/m, (1.19)

The carrier’'s mobility affected by several types of scattering effect. Lattice
scattering, which result from thermal vibrations of the lattice and increases with the
increasing amplitude of vibrations at higher temperature. Impurity scattering, which
distort the periodicity of the lattice. And grain boundary scattering and so on.
However, mobility is not strongly dependent on temperature, thus, the electrical
conductivity has a temperature dependence which is mostly determined by the

carrier concentration.

11



1.2.5.4 Effective Mass

The effective mass of the charge carrier provides another conflict as large
effective masses produce high thermopower (S) but low electrical conductivity. The
m” in equation (1-9) refers to the density-of-states effective mass, which increases
with flat, narrow bands with high density of states at the Fermi surface. However, as
the inertial effective mass is also related tom”, heavy carriers will move with slower
velocities, and therefore small mobility, which in turn leads to low electrical
conductivity (equation 1-10). The exact relationship between effective mass and
mobility is complex, and depends on electronic structure, scattering mechanisms and

isotropy.12

A balance must be found for the effective mass (or bandwidth) for the
dominant charge carrier, forming a compromise between high effective mass and
high mobility. High mobility and low effective mass is typically found in materials
made from elements with small electronegativity difference, whereas high effective
masses and low mobilities are found in materials with narrow bands such as ionic
compounds. It is not obvious which effective mass is optimum; good thermoelectric
materials can be found within a wide range of effective masses and mobilities: from
low-mobility, high-effective-mass polaron conductors (oxides,'® chalcogenides’®) to

high-mobility, low-effective-mass semiconductors (SiGe, GaAs).

From Figure 1.6, we also get an information why thermoelectric research is
concentrated in semiconductors instead of metals or insulators. In the beginning,
metals were used to forming the basis of thermocouple operation, however, their
extremely large thermal conductivity make them as poor thermoelectric generators.
And, in the case of insulators, the insufficient current flows are the fatal demerit for
using as high efficient thermoelectric materials. Let us return to the subject that
maximizing the ZT we have talked above. Except optimizing the carrier concentration,
reduce the thermal conductivity is another way to approach a high ZT. Although,
electrical thermal conductivity hard to be depressed without lower the electrical

properties. However, the lattice thermal conductivity, which induced from lattice

12



vibration, can be operate without affect the electrical properties, results in a

remarkable enhancement in ZT.

1016 1018 1020

Figure 1.6 Carrier concentration dependence of thermoelectric properties.

1.2.5.5 Thermal Conductivity

Intuitively, thermal conductivity includes mainly two components: an
electronic contribution (xee), due to the movement of carriers, and a lattice

contribution via the phonons (xiat), due to the vibration of lattice.
K=Ky + Ky (1.20)

According to the Wiedemann-Franz law, the electronic part of the thermal

conductivity is related to the electronic conductivity.

K, =LoT (1.21)

where, L is the Lorenz number. In metals, it is equal to,

13



2

2
L= ”_(k—B] =2.44x107*WQK 2 (1.13)
3 e

and the lattice contribution to the thermal conductivity can be expressed as,

1
Kot = ngV| (1.22)

where, Cy is molar heat capacity, v is sound velocity, and | is phonon mean free path.

And Cy can be expressed as,
C, =9Nk ( j j 4dx X, =0T (1.23)

Where, N is number of atoms, kg is Boltzmann constant, and & is the Debye
temperature. And, the simple estimation of the minimum lattice thermal conductivity,
Katmin Can be estimated by using the lattice constant instead of phonon mean free

path.

1
Kiat'min = §CVVIIat (1-24)

In this case, liat is the lattice constant.

Alloying is a proven approach to reduce the lattice thermal conductivity as
shown in Figure 1.7.1) The figure shows that alloying have a little effect on power
factor, but have a much lower thermal conductivity than the constituent members.
Therefore, alloying have a positive impact on ZT due to the strongly reduced thermal

conductivity. This is precisely why almost thermoelectric materials are alloys.
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Figure 1.7 Impact of alloying on the components of ZT as a function of alloy composition

for an arbitrary thermoelectric alloy.

Current thermoelectric technology is based on several classical TE materials,
for example, Bi.Tes/Sh.Tes, PbTe, TAGS, Si-Ge and so on. However, due to the high
toxicity of Pb and Te, and the concerns about the rising cost of Te, Bi-Tez and PbTe
based TE materials are facing serious limitation in real applications. Ge is rare metal,
thus too expensive for module fabrication. In comparison, cobalt and antimony are
inexpensive, and influence minimal hazard to people or environment among
skutterudites family. And, due to the ideal mechanical properties for module
fabrication, as well as the high TE performance in the intermediate temperature
range, CoShz based skutterudites were considered as the most potential TE

materials in automobile application.

1.3 Skutterudite Thermoelectrics

The name of Skutterudites was derived from a naturally occurring mineral,
skutterudite or CoAss, first found in Skutterud, Norway. It possess a cubic crystal

structure with 32 atoms per unit cell. A schematic showing the basic structure of the
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Skutterudite unit cell is shown in Figure 1.8, and a more detailed description of the

crystal structure is given in the next section.

Figure 1.8 Crystal structure of Skutterudites.

As described by Slack, the binary Skutterudite compounds possesses the
basic conditions for high ZT values, i.e. a large unit cell, heavy constituent atom
masses, low electronegativity differences between the constituent atoms, and large
carrier mobilities. In addition, Skutterudites form covalent structures with low
coordination numbers for the constituent atoms and thus can incorporate atoms in
the relatively large voids formed. Therefore, compounds can be formed with atoms

filling the voids of the Skutterudites structure.?

Although, the binary Skutterudites have shown such interesting electronic
properties, however, due to the high thermal conductivities, the thermoelectric
performance was poor. The best TE material should possess thermal properties
similar to that of a glass and electrical properties similar to that of a perfect single
crystal materials, i.e. PGEC concept was first introduced by Slack.!? In other words,
a poor thermal conductor and a good electrical conductor are needed simultaneously.
As first predicted by Slack, placing atoms in the interstitial voids of this crystal system
would substantially reduce thermal conductivity by introducing phonon-scattering

centers. Hence, these atomic void-fillers would rattle about in their oversized cages,
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thereby providing an approach to drastically reduce thermal conductivity and
maximize ZT.1? Nowadays, the filled-skutterudites were widely studied and have
proven that have potential to meet such PGEC criteria, i.e. through filling process,
the lattice thermal conductivity was reduced remarkably while maintaining the
appealing power factor characteristics of the binary Skutterudites system.18-20) The
special open cage-like crystal structure make the filling process possible. The details

about the crystal structure are described as below.

1.3.1 Crystal Structure Features of Skutterudites

The general formula of Skutterudites compounds is composition of MX3 (M =
Co, Rh, Ir; X = P, As, Sb). The Skutterudites structure have a body centered cubic
structure with the space group Im3. The crystallographic unit cell consists of eight
MXs units, with the eight M atoms occupying the c sites (1/4, 1/4, 1/4), and the 24 X
atoms occupying the g sites (0, y, z). And the unit cell MgX24 includes two large voids
with positions of (0, 0, 0) or (1/2, 1/2, 1/2) as illustrated in Figure 1.9. Such a cage-
like structure is the most special characteristic of the skutterudites. The remaining
six octants of the structure contain four planar X4 rings, which are mutually orthogonal
and run parallel to the cubic crystallographic axes, while a cubic framework of

transition metal cations bounds the cell.

In the skutterudite structure, each X atom has four nearest neighbors, two X-
X bonds and tow M-X bonds, form a distorted tetrahedron at corners as shown in
Figure 1.9. Both bond distances of the M-X and X-X are short and nearly equal to
the sum of the covalent radius, indicating that a strong covalent bonding exist
between M-X atoms and X-X atoms. In contrast, the bond distance of M-M is

relatively large, indicating that a weak bonding occurs between M-M atoms.
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Figure 1.9 Coordination of X atoms (white spheres) in the skutterudite structure.
Pnicogen atom (X) s form a planar rectangular cluster. Each pnicogen atom has four
near neighbors: two pnicogen atoms and two M atoms (Black spheres).??

1.3.2 Filled Skutterudites

As mentioned before, the most interesting point in the skutterudite structure
is that there are two large lattice voids, and each of the voids is surrounded by 12 X
atoms in the structure as shown in Figure 1.10. Therefore, instead of the general
formula of binary skutterudites, MXz, the chemical formula can be expressed as

[OMaX12, where [ represents the presence of the void.

Figure 1.10 The skutterudite unit cell.?
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This is a quite large void in the structure as shown in Table 1. Therefore, it is
capable of accommodation by many different foreign atoms with different ionic sizes.
By filling guest atoms into the skutterudites voids, filler elements donate their valence
electrons to the conduction bands of the materials, so that filling of the cages with
various atoms can lead to an optimum electron concentration to maximize the power
factor. In the meantime, the filler atoms are bound weakly with the host atoms and
rattle, result in acting as phonon scattering center to reduce lattice thermal
conductivity effectively. Therefore, filled skutterudites were assumed to be potential

candidates as ideal PGEC materials.

As mentioned before, among the skutterudites, CoSbs is the most studied for
the practical application due to its reasonable band gap of ~ 0.2 eV, high carrier
mobility,?? and the fact that it is composed of inexpensive and environmentally
benign constituent elements as compared to other skutterudite compounds. It has
been widely studied that the cages in CoSbs can be fully or partially filled with a
variety of different atoms, including alkali metals (Li, Na, and K),23-25 alkaline earth
elements (Ca, Sr, and Ba),2%-28) rare-earth elements (La, Ce, Yb, Eu, Nd, and Sm),2*-
34) and other elements (Ga, In, and TI).35-39 The electron concentration in partially
filled skutterudites (RyC04Sbi2) is determined by the filling fraction (y) and the
effective charge state of the filler atoms in a system with perfect chemical

stoichiometric ratio.

Table 1.1 The void radius of binary skutterudites compounds??

Compound | Void Radius (A) | Compound | Void Radius (A)
CoPs 1.763 RhSbs 2.024
CoAS; 1.825 IrP3 1.906
CoShs 1.892 IrAss 1.931
RhP3 1.909 IrSbs 2.040
RhAs; 1.934
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For a particular guest atom in filled CoSbs, FFLs (filling fraction limits) is the
only factor to adjust electrical and thermal transport properties.*® Due to there are
no electron-deficient elements in partial filled skutterudites, constricted by the
valence balance law, the filing amounts of fillers are limited. According to the
previous works, the FFLs and the effective charge states for various foreign atoms

are summarized as shown in Table 1.2.

Although, the various different species were partially filled into the cages,
however, the effect on electrical transport properties are almost same at a given
electron concentration. The effective masses of the carrier electrons and the
thermopowers on a given carrier concentrations shows almost identical value even
with various different fillers. The primary reason is that in partially filled skutterudites,
fillers donate their outermost valence electrons into the framework but do not
significantly affect the electronic structure near the bottom of the conduction bands.*®
In other words, the characteristics of the electron density of states (DOS), especially
in the position close to the bottom of the conduction band, are very similar to each
other for n-type partially filled skutterudites, which also leads to a similar trend in
electrical transport properties for those n-type materials. In a word, electron
concentration determines the electrical properties for n-type partially filled

skutterudites, regardless filler spices.

And the carrier concentration for approaching the maximum power factors
was considered around 0.4-0.6 electrons per Co4Sb12.49 However, the lattice thermal
conductivity obtain much different effect from different filler atoms. For phonon
resonant scattering, only the lattice phonons with the frequencies close to the rattling
modes of fillers could be scattered. And consider the localized vibration frequencies
of filler atoms are different each other, double or multiple filling might scatter the
lattice phonon spectra as broad as possible, result in an enhancement of ZT. The
Figure 1.11 shows the literature results for single-, double-, and multiple-filled
Skutterudites. Compare to the single-filling, the double- and multiple-filling show

more effective to enhance the ZT.
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Table 1.2 The summary of experimental filling fraction limits, carrier

concentration and the maximum ZT for different filler atoms in Co4Sb..

Ny NH
Ele. | FFLs ZTmax | Ele. | FFLs ZTmax
( 10%cm3) ( 10%°cm)
Li Eu
2 1.3 60% 10.1 0.9
(+1) (+2)
Na Nd
3.8 1.2 10% 0.41 0.45
(+1) (+3)
K Sm
45% 1 0.8
(+1) (+3)
Ca Ga
0.45 2% 0.15 0.18
(+2) (+1)
Sr In
40% 3.8 0.9 8% 0.7
(+2) (+1)
Ba TI
44% 1.1 22% 2.39 0.9
(+2) (+1)
La
23% 1.7 Sn 0.38 0.2
(+3)
Ce
10% 2.4
(+3)
Yb
25% 2.3 1.2
(+2)
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Figure 1.11 Temperature dependence of ZT for reported (a) single-filled and (b) double-

and multiple-filled Skutterudites.
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1.3.3 Mechanical Properties of Skutterudites

Except the high ZT value, ideal mechanical properties is also important for
module fabrication. Compare to other high performance TE materials within
intermediate temperature range (PbTe, Zn4Sbhs), CoShs based Skutterudites shows

more large potential in real application as shown in Table 3.

Table 1.3 Comparison of the mechanical properties between CoShs, PbTe and Zn.Sbs.

Melting Thermal Young’s Fracture
Poison
Compounds Point expansion Modulus _ strength
ratio
(K) (10°K?) (GPa) (MPa)
CoSbs 4V 1149 9-10 135-140 0.20 111
N-PbTe 42 1197 20 50 0.22 70
Zn,Shs* 841 - 57.9-76.3 - 56.6-83.4

Compare with PbTe which shows high performance, it has a comparable melting
point and approximately half of thermal expansion coefficient, and an about 3-times
elastic constant. In addition, the destruction strength is high compared with PbTe,
and the thermal shock tolerance computed from these values is very as high as
CoSbs: 246 to PbTe: 140. The thermal expansion coefficient of Skutterudite is even
close to aluminum Al,O3 (~7x10¢ K1) which is a typical insulation material, and since
N and P-type are made with a material of the same kind, when forming an element,
it is not necessary to take into consideration the thermal expansion difference
between N and P-type materials. And, although the ZnsSbs also shows very high ZT,
however due to the relative low melting point and brittleness, it can’t be used for

module manufacturing.
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1.4 Half-Heusler Thermoelectrics

Half-Heusler (HH) compounds is one of potential thermoelectric materials for
high-temperature application. HH compounds crystallize in the space group of zinc
blende (F43m), consisting of three interpenetrating fcc sublattices and one vacant
sublattice. HH have chemical formula of XYZ, where, X and Y are transition metals
and Z is a main-group element. The least and most electronegative elements X are
at (1/2, 1/2, 1/2) and Z at (0, 0, 0) forming a rock salt lattice. Y are found at (1/4, 1/4,
1/4) in the centers of tetrahedral formed by Z, as well as by X as shown in Figure
1.12.44-46) The Heusler intermetallic compounds with fully filled sublattices are metals
(full-Heuler alloys), whereas the vacant Y atom sites in half-Heusler compounds give

rise to narrow bands result in semiconducting characteristics.*”

£
=i

& X
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S|l ¢ | o,

- .
’ 3 & Vo

Figure 1.12 Crystal structure of Half-Heusler compound.

The most attractive feature of HH compounds as promising thermoelectric
materials is the large room-temperature Seebeck coefficients of ~100 uVvK? and
moderate electrical resistivities of ~1-10 uQm. In addition, their high melting point of
1100-1300 °C as well as their chemical stability with essentially zero sublimation at

temperature near 1000 °C is other advantages for HH alloys.47)

There are several ways to improve TE properties in the class of HH alloys.

Doping on the Z site provides the charge carriers, to approach the optimization of
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carrier concentration. And doping on the X and Y sites can conduces mass
fluctuation disorder that result in the reduction of thermal conductivity. And the typical
several HH compounds which with significantly enhanced ZT is shown as Figure
1.13.48:50)

16l Zr, Hf . Ti, NiSn, ..Sb

025 0.5 0.998 0.002

1.2¢
Hf0_752r0'25NiSn Sb

0.975 0.025

5 0.8

04} ,
ZrNi,_Pd, .Sn._Sb. .

0.0

200 400 600 800 1000 1200
Temperature, T (K)

Figure 1.13 Temperature dependence of ZT for reported Half-Heusler compounds.4&59

As introduced above, a most important factor in developing TE energy
conversion technologies is the development of higher-performance TE materials,
either completely new materials or existing materials. In the present thesis, the TE
properties of the classic Sh-based bulk TE materials were studied, i.e.) CoSbs based
Skutterudies compounds with group 13 elements filling and half-heusler compound
with noble elements (Pt). Both of them show high TE-performance in the intermediate
and high temperature range and ideal mechanical properties, thus researches for
enhancement of TE performance of such potential bulk TE materials have significant

meaning for future application.

Our group has studied two of group 13 elements Ga-38and TI-2% single filled
CoSbsz based skutterudites; Both of Ga and Tl are effective for phonon scattering,

especially Tl single-filled one showed the maximum ZT of 0.9. However, there is no
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report about In single-filled CoSbs based skutterudites. Therefore, | have selected
the In single-filled skutterudites as my first research topic and the results were

described in chapter III.

In addition, compare with the TI single-filed one, In-TI double-filled
skutterudites showed more effective phonon scattering effect, ®1 resulted in lower
lattice thermal conductivity and higher ZT. From the previous results, | expected that
the group 13 elements triple-filing would scatter phonons more effectively.
Therefore, | have studied the TE properties of group 13 elements triple-filled
skutterudites as my second research object and the results were described in chapter
V.

In order to achieve the further reduction of lattice thermal conductivity, |
selected Tl which is a heaviest element in group 13 elements and K which is one of
the lightest elements double-filled skutterudites as the third research object to expect
scattering a broader range of heat carrying phonons and the results were described

in chapter V.

And in chapter VI, the TE properties of noble element contained half-heusler

compound PtYSb was studied.

Finally, the summary and conclusions of this thesis were given in chapter VII.
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CHAPTER I

Experimental Methods

2.1 Characterization Analysis
2.1.1 X-ray Diffraction Analysis

The sample can be identified by using the X-ray diffraction (XRD) analysis
technigue. Figure 2-1 illustrates the basic principle of XRD according to Bragg’s law.?
Consider a set of lattice planes (hkl), of equidistance d (hkl). Consider an incident
plane wave of wave vector ko and of incidence angle # with respect to the planes.
The incident angle 6, called the Bragg angle, is the complementary angle to the
conventional incident angle in optics. Any points of one lattice plane (hkl) are
scattering waves being in phase in a direction k which corresponds to the classical
reflection law. If this condition is met, the optical path difference between the waves
scattered by two adjacent planes is therefore the same whatever the position of the
points in the planes, in particular between two points O and O" on a normal common

to the planes; it follows easily from Figure 2.1 that:
0=HO+0OK =2dsin@ (2.1)

The in-phase condition, called the Bragg condition (or Bragg law or Bragg

equation), becomes accordingly
2dsind=nl (2.2)

where, 1 is the wavelength and n is an integer called diffraction (or reflection) order.
A set of d-spaces obtained from a single compound will represent the set of planes
that can pass through the atoms and can be used for comparison with sets of d-

spaces obtained from standard compounds.
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Figure 2.1 The relationship between wavelength, atomic spacing (d) and angle () is

described by the Bragg equation.

In the most common layout of the resulting powder diffractrometer, the ray
diagram is derived from the focusing camera, as explained by Figure 2.2. The
diffractrometer is operated through a continuous (6, 26) rotation. The amplified and
integrated detector output is fed into a chart recorder with calibrated and adjustable
paper speed. In recent diffractometers, the recorder is often replaced by a video

display screen which enables computer processing of the diffraction pattern.

Figure 2.2 Schematic illustration of X-ray diffracting apparatus.
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In this research, X-ray diffraction (XRD) measurements were performed on a
Rigaku, RINT2000/PC series. The lattice parameters, unit cell volume and theoretical
density were estimated from the XRD results. When X-ray radiation passes through
the matter, the radiation interacts with the electrons in the atoms, resulting in
scattering of the radiation. If the atoms are regularly organized in planes (i.e. the
matter is crystalline) and the distances between the atoms are of the same
magnitude as the wavelength of the X-rays, constructive and destructive interference
of the scattered X-rays will occur. These result in diffraction in which X-rays are
emitted at characteristic angles based on the spaces between the atomic planes in
the crystal structure. Most crystals have many sets of planes passing through their
atoms. Each set of planes has a specific interlunar distance and will give rise to a

characteristic angle for diffracted X-rays.

2.1.2 Morphology of Surface Microstructure

The surface microstructure measurements were revealed by the Scanning
electron microscopy (SEM). The SEM was assessed as early as 1935 by knoll,V i.e.
at about the same time and by the same research group as the conventional TEM.
Whereas the later soon developed, the SEM had to wait until the 1960s for practicing
the implementation. Its development has been closely kinked to the progress of
electronics and video techniques. The SEM was used to observe microstructures of
the samples. In this thesis, the SEM observations were performed on a Hitachi High
Technologies, S-2600H. The schematic diagram of the SEM equipment is shown as

outlined in Figure 2.3.
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Figure 2.3 Schematic illustration of SEM.?

2.2 Electrical Resistivity and Seebeck Coefficient

The electrical resistivity measurement was performed in a helium atmosphere
using the thermopower measuring device (ULVAC ZEM-1). The schematic view of

equipment is shown in Figure 2.4.

The electrical resistivity was measured by the standard four probe method
with a constant current of approximately 100 mA. The electrical resistivity is

represented by the following equation:

) . Vsample Asample
sample — ref
P V L

(2.3)

ref sample

where, Vsample IS the measured voltage between two probes placed on the sample,
Rret is a standard resistor incorporated into the equipment, Vet is the voltage dropped

across the standard resistor, Asample IS the cross section of the sample, and Lsample IS
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the distance between two thermocouples on the sample. The Seebeck coefficients
were also measured using ULVAC ZEM-1 in helium atmosphere and over the
temperature range of 300-973 K. The Seebeck coefficient (S) is given by the

following equation:

\Y

sample

S =
T, -T,

(2.4)

where, Ty and T, are the measured absolute temperatures at the two points from
which Vsampe Was measured. The measurement was carried out by applying three
temperature gradients of AT: 20, 30, and 40 K between two blocks at each

temperature T, the average value of three data is used as the experimental value.

Heating Furnace

% He atmosphere

Upper Block

AT
Th

L av)

Lower Block

|
|
|
|
|
|
|
|
|
:
T, Therlmocouple
|
|
|
|
|
|
|
|
|
|

Figure 2.4 Schematic illustrating of the electrical resistivity and the Seebeck coefficient

measurement.
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2.3 Thermal Conductivity

The thermal properties of the bulk samples can be measured by the laser
flash thermal diffusivity (LFTD) method. The laser flash method is by far the most
favored for measuring the thermal diffusivity («) of bulk samples at temperatures well
above ambient. A typical apparatus is shown in Figure 2.5. The sample, typically a
wafer, whose diameter is much greater than the thickness (L), is irradiated on one
face with pulses of laser light not more than a millisecond long. The temperature of

the opposite face of the sample is monitored, perhaps with an infrared sensor.

In this thesis, the systems of measurement on thermal diffusivity («) by laser
flash method (Thermal-constantan Analyzer, ULVAC, TC 7000) in vacuum (Figure
2.5). In the complete absence of heat loss from the sample, the temperature would
rise monotonically to a limiting value. In a real situation, the measured temperature
will peak and then return to ambient temperature. The time required to reach one-
half of the peak temperature at the rear face of the specimen, ti» can be used to

determine a according to

1.3712
a:

2
T,

(2.5)

The thermal conductivity (x) is calculated from the temperature rise vs. time
profile. The thermal diffusivity is related to the thermal conductivity as shown below:

Kk =odC (2.6)

p

where, xis the thermal conductivity of the specimens, d is the experimental density ,
and C, is the heat capacity.
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Figure 2.5 Schematic illustrating of the thermal diffusivity measurement.

The densities (d) of the samples were calculated from the measured weight
and dimensions. Density is a measure of mass per unit of volume. The higher an
object’s density, the higher it's mass per volume. A denser object (such as iron) will
have less volume than an equal mass of some less dense substance (such as water).

The unit of density is the kilogram per cubic meter (kg/m3).

The heat capacity (Cp,) approaches the classical value 3nR at high
temperature, i.e. above the Debye temperature, while at low temperature C, varies
according to the T3 law of Debye.? In the present research, C, = 3nR is used for

estimated the heat capacity of the samples.
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2.4 Sound velocity

The elastic moduli are consisting of the shear modulus (G), Young’s modulus
(E), Bulk modulus (%), Bulk compressibility (5), and Debye temperature (éb). These
parameters are evaluated from sound velocities of the samples. The sound velocities,
i.e. longitudinal velocity (VL) and shear velocity (Vs), of the sample were measured
by an Ultrasonic pulse echo method (Nihon Matech, Echometer 1062). The

schematic view of the apparatus is shown in Figure 2.6.

The sound velocities in the sample can be calculated from the sample length
and the time separation between the ultrasonic echoes.? The longitudinal sound

velocity (V1) and shear sound velocity (Vs) are described by the following equation:

V, = (2.7)

12 12 7Y2
] e

In equation (2.7) and (2.8), T1 is the reflection time of the longitudinal sound

velocity from the bottom face of the sample, T is the reflection time of the longitudinal
sound velocity from the top face of the sample, T3 is the reflection time of the shear
sound velocity from the top face of the sample, D is the diameter of the sample, and
L is the length of the sample. A 5.0 MHz longitudinal wave pulse and shear wave
pulse were used for measuring the longitudinal sound velocity (VL) and the shear

sound velocity (Vs), respectively.

In case of isotropic materials, the Debye temperature (&b),> Shear modulus

(G), Young’s modulus (E), and Bulk compressibility (5) can be evaluated:

1/3
O, = 1 ?3N -3 (2.9)
kg )| 42V (V" +2Vs7)
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G=dv (2.10)

2 2
E- G[H} (2.11)
VL _Vs
and
1
pe——a— (2.12)
-3

where, h is the Plank’s constant, kg is the Boltzmann constant, N is the number of

atoms in a unit cell, V is the unit cell volume, and d is total density.

Sample

/

\ 4 A4

=

T, T, Ty

Transducer

Figure 2.6 Schematic illustration of the sound velocity measurement.

38



2.5 Hall Measurements

Hall measurement was carried out by van der Pauw method as shown in
Figure 2.7.9 In general, an arbitrary shaped thin-plate sample is used, and must not
contain holes, and nonconducting islands and inclusion. The sample shape was
square (~8 x 8mm?) with the thickness of ~1mm, and probes were contacted on four

corners of the surface of the sample through ohmic contacts.

Platinum probe

Figure 2.7 Schematic diagram of Van der Pauw’s method.

The electrical resistivity (p) and sheet resistance Rsheet are calculated by the

following equations:

L s RtRy

2.13
In2 2 ( )

and
p
Rineet = L (2.14)

where, L3 is the sample thickness, Ra and Ry, are the averages of the opposite side
resistances, and F is the balance factor, The F value can be regressively calculated

from
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sinh| T =1IN2 =iexp In2 O0<F<1 (2.15)
r..+1F ) 2 F

ratio

The rratio is equal to Ra/Rp. Then, the Hall coefficient Ry is given by

R _LVy L3

" BI, B| 2

M‘ (2.16)

where, V4 is the measured Hall voltage, B is the applied magnetic field, Is is the
electric current, and Rc and Rq are the averages of the Hall resistances for each
electric current direction. The noise ratio Nraio and direction dependence Draio are

determined by the following equations:

2N
N . =—"99 »100[% 2.17
ratio |Rc + Rd| X [ 0] ( )
and
|Rc_Rd|
D. .. =1——"x100[% 2.18
ratio |Rc +Rd| X [ 0] ( )

where, Nraio represents the root-mean-square deviation of (R¢ + R4)/2. Dratio IS the
indicator to represent sample nonuniformity. In this study, the author used the

measured Ry as the analytical data, if Nratio < 3% and Dratio < 5%.

2 I . |

Figure 2.8 Schematic diagram of the Hall effect.
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CHAPTER Il

Thermoelectric Properties of Indium-Filled Skutterudites

INxC04Sb12

3.1 Introduction

Thermoelectric (TE) materials can be used for energy conversion from heat
into electrical power. The efficiency of the energy conversion of TE materials is
determined by the dimensionless figure of merit, ZT = S?T/p/k, where S is the
Seebeck coefficient, T is the absolute temperature, pis the electrical resistivity, and
x is the total thermal conductivity (x = xiat + kele, Where xar and xele are the lattice and
electronic contributions, respectively).1® The ZT value directly reflects the efficiency
of the energy conversion; therefore, the development of high-ZT materials is the main
goal in this research area. According to the equation for ZT, a large S, low p, and low
k are required to maximize ZT. These transport properties are interrelated with each

other, so that optimization of these physical properties is required to maximize ZT.%

3)

Skutterudite compounds are particularly promising candidates for advanced
TE materials and have become a focus of lasting interest due to their highly tunable
transport properties.? Skutterudite compounds have an MXs; composition with the
body-centered cubic structure, where M is a metal atom, such as Co, Rh, or Ir, and
X represents a pnicogen atom, such as P, As, and Sb. There are two cages in each
unit cell of the structure with sufficient size to accommodate metal atoms and form
filled skutterudites. When a third atom is incorporated into the cage, the formula of
the compounds becomes RM4Xi12, where R is the filling atom that is bonded weakly
with the other atoms in the structure as shown in Figure 3.1. Cage-filling atoms can
act as electron donors, so that filling of the cage with various atoms can lead to an

optimum electron concentration. These filled atoms also act as phonon scattering
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centers to significantly reduce i, Which can result in improvement of the ZT for

skutterudite compounds.5?)

CoShs is a typical skutterudite that has a very high power factor (S%/p), but
a xat that is too high. Our group has recently reported the TE properties of Tl- and
Ga-filled CoShs.89 The results indicate that as the filling ratio of Tl and Ga into CoSbs
is increased, xiat is significantly decreased, which leads to improvement of the ZT. In
particular, the ZT value for the Tl-filled system is enhanced up to 0.90 at 600 K. Thus,

the motivation for this work is to further investigate the CoSbs system with In filling.

Various results on the TE properties of In-filled skutterudites have been
reported, in which the In filling limit into CoSbs is closed to x = 0.22 in InxC04Sh12.10-
11 In the present study, polycrystalline samples of InxCo4Shi2 (x = 0.05, 0.10, 0.15,
0.20, 0.25, 0.30, 0.35, and 0.40) were prepared and their TE properties were
examined from room temperature to 773 K. The filling limit of In into CoSbs cages
was also investigated with respect to variation of the lattice parameter as a function

of the In filling ratio of InxC04Sb1>.

o

® Co
® Sb

®n

Figure 3.1 Crystal structure of InxC04Sb1, (0.05 < x < 0.40)

3.2 Experimental

In can be filled into the cages of the CoSbs structure up to around 22%, i.e.,
x = 0.22 in InxCo04Sb12, and the highest ZT values are obtained after exceeding the

filling limit.10-1) Therefore, the compositions prepared in the present study were
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determined as InxCo4Sb1> (x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40).
Polycrystalline samples were prepared from stoichiometric ratios of In (99.99%), Co
(99%), and Sb (99.9%) chunks by direct reaction in a sealed silica tube. The silica
tubes were heated slowly up to 1323 K and then annealed at 773 K for 1 week. The
obtained ingots were crushed into fine powders, followed by hot-pressing in a
graphite die at 923 K under a pressure of 50 MPa for 2 h in an Ar flow. Structural
characterization was conducted using X-ray diffraction (XRD) analysis in air at room
temperature with Cu Ko radiation. The microstructure was investigated by field
emission scanning electron microscopy (FE-SEM; Jeol, JSM-6500F) with energy
dispersive X-ray (EDX) analysis in vacuum at room temperature. Two polycrystalline
samples were prepared for each composition; column-shaped samples (10 mm
diameter, 15 mm thick) for S and p measurements, and disc-shaped samples (10
mm diameter, 1 mm thick) for thermal diffusivity (&) measurements. S and the p were
measured using a commercially available apparatus (Ulvac, ZEM-1) in a He
atmosphere. a« was measured by the laser flash method in a vacuum using a
commercially-available thermal constant analyzer (Ulvac TC-7000). x was evaluated
via the standard equation of x= aC,d, where Cp and d are heat capacity and density,
respectively. C, was estimated using the Dulong-Petit model, i.e., C, = 3R, where R
is the gas constant. The densities of the bulk samples were calculated on the basis
of the measured weight and dimensions. All TE properties were measured from room

temperature to 773 K.

3.3 Results and discussion

The powder XRD patterns of the polycrystalline samples of InxCo04Sbi> (X =
0.10, 0.20, 0.30, and 0.40) are shown in Figure 3.2, together with the literature data
for CoSbs.12 Almost all the peaks in the XRD patterns were identified as peaks
derived from the skutterudite phase. A negligible peak for CoSbh, as an impurity
phase was observed in the x = 0.30 sample pattern. In addition, a peak

corresponding to InSb was observed in all XRD patterns of the samples.
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The lattice parameters calculated from the XRD patterns of InxCosSb1> (X =
0.05, 0.10, 0.15, 0.20, 0.25, and 0.30) are plotted in Figure 3.3, together with the data
of polycrystalline samples of TIxCosSbhi> and GaxCo4Shi» for comparison.8®) The
lattice parameters of InxCo4Sbs2 increased linearly with In-addition up to around x =
0.10, after which they remained almost constant. In contrast, for TlxCosSb1> and
GaxCo4Shiz, the lattice parameters increased linearly up to around x =0.20 and 0.05,
respectively.®9 Therefore, the maximum filling limits of Ga, In, and Tl into the cages
of CoShz were confirmed to be different, even these are all group 13 elements.
Relatively high densities were obtained for all samples, and these are summarized

in Table 3.1 together with the lattice parameters.

+CoSh, =040

% InSb
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Figure 3.2 Powder XRD patterns of In,CosSbhi, (x = 0.10, 0.20, 0.30, and 0.40)

polycrystalline samples, together with the literature data for CoShz.*?
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Figure 3.3 Lattice parameters of InyC04Sbhi, (X = 0.05 ~ 0.30) polycrystalline samples,
together with the data for TIxC04Sh1, and GaxCo4Sb;2.% 9

Table 3.1 Lattice parameters a, and densities d, of InxCo4Sh12 (x
= 0.05 ~ 0.40) polycrystalline samples (T.D: theoretical density)

X a (nm) d (g cm3®) %T.D.
0.05 0.90371 7.64 99.7
0.10 0.90387 7.64 99.5
0.15 0.90386 7.61 98.7
0.20 0.90387 7.64 98.8
0.25 0.90388 7.76 97.8
0.30 0.90388 7.63 98.1
0.35 0.90388 7.53 96.5
0.40 0.90388 7.56 96.5

Figures 3.4(a) and (b) show the SEM and EDX mapping images for the
samples of IngosC04Sb1> and Ino10C04Sbhio, respectively. The surface of the
Ino.0sC04Sbh12 sample was homogeneous with no significant evidence of secondary

phases by EDX analysis, as indicated in Figure 3.4(a). On the other hand, the surface
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of the Ino10C04Sh1> sample was inhomogeneous. The In-rich regions were clearly
observed in Figure 3.4(b).

Co Co
A
Figure 3.4 FEM and EDX mapping images of hot-pressed samples of (a) Ing.0sC04Shi2
and (b) Ing.10C04Sb1s.
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Figure 3.5 FE-SEM images of fracture surface of Ing3sC04Sb1o.

The chemical compositions at points A and B shown in the SEM images are
summarized in Table 3.2. It was confirmed that the matrix phase of the Ing.0sC04Sb12
sample (shown as point A in Figure 3.4 (a)) and the impurity phase of the

INo.10C04Sbh12 sample (shown as point B in Figure 3.4 (b)) are mainly composed of

47



CoSbsz and InSb, respectively. It was previously reported that the filling limit of In into
the CoSbs cages in InyCosSbi> was around x = 0.22.°19 The reason for the

discrepancy in the filling limit is yet to be determined.

Figure 3.5 shows the fracture surface FE-SEM image of Ino3sC04Sbi2. The
nanoparticles with sizes of tens of nanometers to 100 nm were observed in the grain
boundaries. However, the chemical composition can not be detected due to the
nanoscale is beyond the EDX detection limit. However, according to the previous
literatures, In and Ga are known as easily to form nanoparticles when they were over
added in skutterudites. And the nanoparticles have the chemical composition of MSb
(M = In or Ga).131% The appearance of InSb nanoinclusions has been explained by
in situ formation due to diffusion of filler atoms out of the icosahedral voids of the
metastable InyCo4Sbi2 skutterudites.’® This hypothesis on the metastability of
InxCo4Sh12 is also supported by the zero-filling-fraction calculated for the solubility of
In in CoSbsz and by calculations of the Gibbs free energy, which remains positive over
the whole temperature range.1®) And consider the melting point of InSb is 790 K,
therefore, the final formation of InSb is happened on the temperature decreasing

step of sintering.

Table 3.2 Chemical compositions of points A and

B (at. %) determined by EDX point analysis.

A B
Co 23.6 1.4
In 0.3 46.6
Sb 76.1 52.0

The temperature dependence of the electrical conductivity (o= 1/p) and the
Seebeck coefficient (S) of the InkCo4Sb12 (x =0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35,
and 0.40) polycrystalline samples are shown in Figures 3.6 (a) and (b), respectively.

o for all of the samples decreased with increasing temperature, which is consistent
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with other In-filled skutterudites known as typical, heavily doped, band-conducting

semiconductors reported by Mallik et al.1”

S was negative for all the samples, which indicates that the majority charge
carrier was electrons. Thus, all samples are n-type semiconductors from room
temperature to 773 K. Figure 3.6(a) shows that o generally increased with increase
in the In content. In contrast, the absolute S values decreased with the increasitheng
In content, as shown in Figure 3.6(b). Moreover, the temperature dependence of S
for the heavily In-added CoSbs samples was rather flat. These results suggest that
In addition into CoSbs results in the supply of electrons, so that the carrier
concentration increases. In addition, the change in both oand S with an increase in
the In content was not coincident, which may be due to the influence of impurities
such as InSb and CoSh; that are formed after the maximum filling limit of In into

CoSbs is exceeded.
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Figure 3.6 Temperature dependence of (a) electrical conductivity o and (b) Seebeck

coefficient S for In,Co4Sbh1, (X = 0.05 ~ 0.40) polycrystalline samples.
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Figure 3.7(a) shows the thermal conductivity (x) of InxCo4Sb1. (x =0.05, 0.10,
0.15, 0.20, 0.25, 0.30, 0.35, and 0.40) as a function of temperature. x decreased with
increasing temperature and then increased with the temperature at around 550 K.
This temperature dependence can be attributed to the bipolar conduction in
semiconductors, where the charge carriers are thermally excited, and hence, the
bipolar contribution is supplemented by a strong additional term for the thermal
transport. x decreases with an increase in the In content, which is quite different from

that previously reported in Refs. 10 and 11, in which xincreased with increase in the

In content.
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Figure 3.7 Temperature dependence of (a) thermal conductivity xand (b) lattice thermal

conductivity i for InyCo4Sb12 (x = 0.05 ~ 0.40) polycrystalline samples.
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The lattice thermal conductivity (xiar) was obtained by subtraction of xei1= LoT
(where L is the Lorenz number = 2.45x10-® WQK-?) from the measured «; i.e., Klat =
k- LoT. Figure 3.7(b) shows that xat for InkCosSbi2 (x = 0.05, 0.10, 0.15, 0.20, 0.25,
0.30, 0.35, and 0.40) decreased with In-addition, which is probably due to phonon
scattering by both In rattling within the cages and impurities present in the samples.
Consider the mean free path of phonons in CoSbsz was estimated to around 85 nm,
18) therefore, the nanoparticles with sizes smaller than 85 nm would effectively scatter
heat carrying phonons. However, as mentioned above, the xia: was reduced by the
combined effects of several factors. Thus, it is difficult to evaluate the nanoparticle
effect on xa quantitatively. The Ino.35C04Sb12 compound exhibited the lowest value
of xar (2.86 Wm- K1 at 550 K).

The temperature dependence of ZT for InyCo4Sb12 (x = 0.05, 0.10, 0.15, 0.20,
0.25, 0.30, 0.35, and 0.40) is shown in Figure 3.8. Although In could be filled into
CoSbs cages in InxCo4Sb12 only in the range of 0.05 < x <0.10, a significant reduction
of xat was achieved, which led to an enhancement of ZT. The ZT values generally
increased with increasing In content, and a maximum ZT value of 0.67 was obtained

for the Inp.35C04Sb12 composition at 600 K.

After exceeding the filling limit of In into CoSbs, InSb exists in the samples as
the main impurity phase, which leads to the formation of Sb vacancy in the
skutterudite phase. Therefore, it is important to consider the effect of the Sb vacancy
on the TE properties of the sample. Formation of the Sb vacancy in the skutterudite
phase is helpful for reduction of the xa by phonon scattering, while the vacancy
would also scatter carriers which results in the reduction of the carrier mobility. On
the other hand, as for the impact of InSb on the TE properties, it has been reported
that when the size of the InSb phase is nanoscale, existing of the InSb phase is good
for enhancement of the TE properties.1® Therefore, in the present study, existing of
the InSb phase would lead to the reduction of both the xat and carrier mobility. As for
the impact of In filling on the TE properties, it can be said that the In atoms filled in
the cages of the CoShbs crystal act as phonon scattering centers, leading to significant

reduction of the xa. In order to understand the impacts of the InSb phase, Sb
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vacancy, and filled In on the TE properties of CoSbs, the authors have a plan to
perform further experiments such as Hall effect measurements on the samples to

evaluate the carrier mobility.

08 | x=0.05 —»—x=0.35
'ﬁ . —e—x=0.10 —e—x=0.40
o 07 x=0.15
s L —v—x=0.20
g 06 x=0.25
‘S - —<4—x=0.30
o 05
S
g’ -
&= 04+
g -
o 03}
c A
o
‘m 02
c A
o
£ 01t
a A

0.0 |-

300 400 500 600 700
Temperature, T (K)

Figure 3.8 Temperature dependence of the dimensionless figure of merit ZT, for

polycrystalline samples of InkCo4Sbi, (x = 0.05 ~ 0.40).

3.4 Summary

In the present study, polycrystalline samples of In-added CoSbz with
compositions of InxCo4Sb12 (x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40)
were prepared and the TE properties were investigated from room temperature to
773 K. In could be filled in InxCo4Sb12 only in the range of 0.05 < x < 0.10, and when
the filling limit was exceeded, InSb and CoSb, secondary phases were formed in the
samples. All samples exhibited negative S values. In-adding into CoSbs slightly
reduced the absolute value of S, but increased o and reduced xat. In contrast with

the Tl-filled skutterudite system,® the filling limit of In is too low, which results in
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insufficient doping and thus the phonon scattering effect by In rattling within the cage
should be weak. However, impurities such as InSb, formed after exceeding the filling
limit of In into CoSbz, had a significant role in reducing xia: and thereby enhancing ZT.
Further study will be aimed at increasing the filling limit of an In-filled skutterudite

system or a double-filling or multi-filling approach to enhance ZT.
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CHAPTER IV
Thermoelectric Properties of Group 13 Elements Triple-

Filled Skutterudites: Nominal InxGao.02Tlo.20C04Sb12

4.1 Introduction

Thermoelectric (TE) materials can be used for direct energy conversion from
waste heat into electrical power, and have the merit of no moving parts and high
reliability. The efficiency of the energy conversion of TE materials is governed by the
dimensionless figure of merit, ZT = S?T/p/k. In this equation, S is the Seebeck
coefficient, T is the absolute temperature, pis the electrical resistivity, and « is the
total thermal conductivity (x = xiat + &el, Where xiat and xel are the lattice and electronic
contributions, respectively) 1). Owing to the ZT value directly reflects the efficiency
of the energy conversion, the development of high-ZT materials has a significant
meaning for more effective energy savings by recycling the waste heat. To achieve
high ZT, a large S, low p, and low « are required, however, S, p, and xe are strongly
interrelated with each other in materials, so reduction of xa is required to maximize
ZT.2:9

Skutterudite compounds are particularly promising candidates for advanced
TE materials and have become a focus of lasting interest due to the high carrier
mobility and the reasonable band gap. Binary skutterudite compounds have an MX3
(M =Co, Rh, orIr; X =P, As, or Sb) composition with body-centered cubic structure.
There are two cages in each unit cell of the structure with sufficient size to
accommodate a large range of atoms with different sizes to form so called filled
skutterudites.®) The cage-filling atoms act as electron donors, so that filling of the
cages with various atoms can lead to an optimum electron concentration to maximize
the power factor (S?%/p). In addition, the filler atoms are bound weakly with the host

atoms and rattle, resulted in acting as phonon scattering centers to reduce xiat
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significantly.®: ? Therefore, it is possible to reach a maximized ZT by separate

optimization of electrical and thermal transports properties in skutterudites.

It has been widely studied that the cages in CoSbs can be fully or partially
filled with a variety of different atoms, including alkali metals (Li, Na, and K),819)
alkaline earth elements (Ca, Sr, and Ba),!13 and rare-earth elements (La, Ce, Yb,
Eu, Nd, and Sm).1*19 Recently, skutterudites filled by group 13 elements (Ga, In,
and TI) have attracted much attention as high-performance TE materials.2%-22) |t has
been reported that the group 13 elements can exist not only in the void, but also at
the Sb and Co sites.2® Our group also has studied the TE properties of Ga-, In-, and
TI- filled skutterudites and confirmed that the group 13 elements filled-skutterudites
exhibit low xa and thereby relatively high ZT values.2425 In particular, the maximum
values of ZT of 0.9 and 0.7 at 600 K have been obtained for Tl- and In-filled
skutterudites, respectively.?> 26) In addition, to the single element filled-skutterudites,
the TE properties of In and Tl double filled skutterudites have been examined in our
group. Owing to the further reduction of xat by effective phonon scattering induced
both by the rattling of In and Tl as well as by In,O3 nano-precipitates, the ZT was

enhanced and the maximum ZT value of 1.2 was obtained at 700 K.27

On the other hand, the TE properties of triple elements filled skutterudites
have been studied recently.?830) |t is considered that phonons with different
frequencies are scattered by various vibration modes induced by rattling of different
filler atoms within the cages. Therefore, the triple-filling is one of the effective
methods for further reduction of xa. However, there are no reports on the TE
properties of group 13 elements triple filled skutterudites so far. Therefore, in the
present study, the polycrystalline samples of group 13 elements triple filled
skutterudites were prepared and their TE properties were investigated from room

temperature to 773 K.

The sample compositions were set as INxGao.o2Tlo.20C04Sbh1> (0 < x < 0.30),
because the maximum filling limit of Ga, In, and Tl in CosSb1. are reported to be x =
0.02 in GaxC04Sbi2, x = 0.08 in InxC04Sb12, and x = 0.22 in TIxC04Sb12, respectively.

22,24-26) |n the present case, we expected that Ga and Tl are fully filled and with
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increasing In content the xiar can be significantly reduced by triple filling as well as

nano-inclusions formed after exceeding the filling limit of In.3% 32)

4.2 Experimental

The triple filled skutterudites: INxGaog.o2Tlo.20C04Sbh1> (0 < x < 0.30) were
synthesized by a combination method of traditional melting and long-term high-
temperature annealing. The appropriate amounts of elemental metal chunks of In,
Ga, Tl, Co, and Sb were weighted and put in silica tubes in a glove-box under an Ar
flow atmosphere. The silica tubes were sealed under vacuum. The sealed silica
tubes were heated slowly up to 1323 K and then annealed at 973 K for 10 days. The
obtained ingots were crushed into powders, followed by hot-pressing in a graphite

die at 923 K under a pressure of 50 MPa for 2 h in an Ar flow atmosphere.

Structural characterization was conducted using X-ray diffraction (XRD)
analysis in air at room temperature with Cu Ka radiation. The microstructure and
chemical composition of the samples were investigated by field emission scanning
electron microscopy (FE-SEM; JEOL JSM-6500F) with energy dispersive X-ray
(EDX) analysis in vacuum at room temperature. S and p were measured using a
commercially available apparatus (ULVAC, ZEM-1) in a He atmosphere. Thermal
diffusivity («) was measured by the laser flash method in a vacuum using a
commercially-available thermal constant analyzer (ULVAC TC-7000). x was
evaluated via the standard equation of x = aCpd, where C, and d are heat capacity
and density, respectively. Cp, was estimated using the Dulong-Petit model, i.e., Cp =
3nR, where n is the number of atoms per formula unit and R is the gas constant. All

TE properties were measured from room temperature to 773 K.

Hall coefficient (Ry) was measured at room temperature by the van der Pauw
method under vacuum with an applied magnetic field of 0.5 T. The Hall carrier
concentration (n+) and Hall mobility () were calculated from Ry assuming a single

band model and a Hall factor of 1, i.e., ny = 1/(eRn) and u+ = Ru/p, where e is the
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elementary electric charge. The density of bulk samples was calculated on the basis

of the samples’ weight and dimensions.

4.3 Results and discussion

The powder XRD patterns of the samples are shown in Figure 4.1. Almost
all the peaks in the XRD patterns were identified as peaks derived from the
skutterudite phase, however a negligible CoSb, peak was observed in all of the
samples. The lattice parameters of the skutterudite phase calculated from the XRD
patterns are shown in Figure 4.2. The lattice parameter values were almost the same

independent of the In content.
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Figure 4.1 Powder XRD patterns of InyGap.02Tlo.20C04Sb1> (0 < x < 0.30) polycrystalline

samples.
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Figure 4.3 shows the FE-SEM and EDX mapping images of the
INo.10G@0.02Tlo.20C04Sh12 sample. The chemical compositions of points A, B, and C
were determined by the quantitative EDX point analysis, and the obtained data are
summarized in Table 4.1. Although, the amounts of the filler elements did not exceed
their respective filling limit, small amounts of Ga, In, and Tl were detected as the
metal state (point A). In addition, precipitates of TI;Sb, and InSb were also observed
(points B and C, respectively). As for other samples, the FE-SEM and EDX analyses
were also carried out, and the same results as those of the Ino.10Ga0.02Tlo.20C04Sb12

sample were obtained.
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Figure 4.2 Lattice parameters of INxGao.02Tlo.20C04Sb12 (0 < x < 0.30) polycrystalline

samples

Since a very small amount of Ga was added, the Ga content in the skutterudite
matrix phase was below the EDX detection limit. In addition, since the EDX peak
positions of In and Sb are close to each other, the In content in the skutterudite matrix
phase was not estimated accurately. Therefore, we assumed that the total filling
fraction i.e. x in (Ga, In, TI)xCo04Sb1>» was 0.22 and the In content was estimated by

subtracting the TI content from the total filling fraction. The amounts of group 13
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elements in the skutterudite phase obtained in this manner are summarized in Table
2. It can be seen that the Tl content in the skutterudite phase decreased but the In
content increased. This trend is well consistent with the previous results, that is, the
filling fraction of one element decreases linearly whereas the other element’s
increases.33 Since, the ionic radius of In*3 (81 pm) 34 is much smaller than that of
TI*1 (115 pm), 3V the lattice parameter should decrease with increasing the In content
and with decreasing the Tl content in the skutterudite phase. However, as mentioned
above, the lattice parameters of the skutterudite phase were almost the same
independent of the In content. Therefore, the valence value of In in the present case
would be close to 1+ (the ionic radius of In*l is 104 pm34), not 3+, which is well
consistent with the recent reports®®, in which it has been reported the valence state

of In in the skutterudite structure is not 3+ but 1+.

Figure 4.3 FE-SEM and mapping images of Ing.10Gao.02Tlo.20C04Sb12

Figure 4.4 shows the fracture surface images of Gao.02Tlo.20C04Sbi2. The
nano particles with size of 200 nm were observed in the grain boundaries by FE-
SEM analysis. Figure 4.5 shows the fracture surface images of samples of

INxGao.02Tlo.20C04Sb12 (x = 0.05 ~ 0.30). The nano particles with distributed sizes of
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20~200 nm were observed in all of the samples. In order to identify the chemical
composition of the nano particles, we conducted EDX elemental analysis for the
sample of Ino20Gaoo2Tlo20C04Sb12, and the results as shown in Figure 4.6. All the
mapping images show homogeneous matrix phase, no impurity phases were
detected by EDX analysis. It can be considered that the nanoscale is beyond the
EDX detection limit. However, according to the previous literature the chemical
compositions of nanoparticles can be expected as InSb and GaSb as mentioned in

chapter Il

Table 4.1 Chemical compositions of points A, B and C (at. %) in the

sample of Ino.10Ga0.02Tlo.20C04Sh1> determined by EDX point analysis

A B c

Ga 3 0 0

" 48 6 42

Tl 43 70 9

Co 3 5 10

Sb 3 19 39

Chemical

Composiion "1 metal T1;:Sh InSb

Table 4.2 Ratio of fillers in the matrix of INyGag.02Tlo.20C04Sb12 (0 < X <

0.30)
X Ga* : T : In
0 - 0.20 0
0.05 - 0.18 0.04
0.10 - 0.16 0.06
0.20 - 0.16 0.06
0.30 - 0.13 0.09

*The amounts of Ga was below the EDX detection limit
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Figure 4.5 Fracture surface FE-SEM images of In,Gao.o2Tlo.20C04Sb12 (x = 0.05 ~ 0.30)
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Figure 4.6 Fracture surface FE-SEM and mapping images of 1ng.20Gao.02Tlo.20C04Sb1.

Table 4.3 Hall carrier concentration ny (300 K), Hall mobility x4 (300 K), and

relative density for polycrystalline samples of InxGao.02Tlo20C04Sb12 (0 < x < 0.30)

X nu (10%° cm) un (cm?Vist) %T.D.
0 2.54 31.1 96%
0.05 2.48 33.2 98%
0.10 2.81 30.6 99%
0.20 2.83 32.6 99%
0.30 2.92 29.2 98%

The carrier concentration (n+) and the carrier mobility (©1) are summarized in
Table 4.3. Both of ny and u+ did not change obviously. The ny values slightly
increased with increasing the In content. The filling fraction and the valence state of
filler elements are the two main factors to determine the ny. Although Tl donates one
electron in CoSbhsz,29 i.e. Tl acts as TI** in the skutterudite structure, the valence state

of In is not clearly confirmed.3537) In the present case, it can be said that the valence
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value of In in CoShs is close to +1, not +3, because the ny values are almost the
same. This result is well consistent with the result derived from the lattice parameter
shown above. All samples showed the relatively high density (96~99% of the

theoretical density) as summarized in Table 4.3.
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Figure 4.7 Temperature dependence of (a) electrical resistivity p, and (b) Seebeck

coefficient S, for INxGao.02Tlo.20C04Sh12 (0 < X < 0.30) polycrystalline samples.

The temperature dependences of the electrical resistivity (p), Seebeck
coefficient (S), thermal conductivity (x), and lattice thermal conductivity (xia) of the
INxGao.02Tlo.20C04Sb12 (0 < x < 0.30) samples are shown in Figures 4.7(a) and (b)
respectively. p for all of the samples increased with increasing temperature, showing
a typical heavily doped semiconductor behavior.3® S was negative for all the samples,
indicating that the majority charge carrier is electrons. Owing to the slight increase in
the nu, both the p values and the absolute S values generally decreased with

increase in the In content.
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Figure 4.8 Temperature dependence of (a) thermal conductivity x, and (b) lattice thermal

conductivity i, for InxGao.02Tlo20C04Sb12 (0 < x < 0.30) polycrystalline samples.

As shown in Figure 4.8(a), x decreased with increasing temperature up to
around 550 K and then increased. This temperature dependence can be attributed
to the bipolar conduction in semiconductors. All samples showed relatively low x
values, and the Gao.02Tlo.20C04Shi2 sample showed the lowest value in the whole
temperature range. The xat was obtained by subtraction of xe = LoT (where L is the
Lorenz number = 2.45x10% WQK2) from the measured «, i.e., xKat = kK - LoT. As
shown in Figure 4.8(b), the 1no.30Ga0.02Tlo.20C04Sb12 sample showed the lowest xiat
values. The similar content in the filled Tl and In and the impurity phases composed
mainly of In would scatter phonons efficiently, leading to the lowest xa: compared to
other samples. As mentioned in chapter Ill, the nanoparticles with sizes smaller than
85 nm would effectively scatter heat carrying phonons. However, it is difficult to

evaluate the nanoparticle effect on xa: quantitatively.

The temperature dependence of ZT is shown in Figure 4.9. The ZT increased

with increasing temperature. All of the samples showed the relatively high ZT values.

66



The maximum ZT value was 0.72 at 773 K obtained for the Ino.30Gao.02Tlo.20C04Sb12

sample.
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Figure 4.9 Temperature dependence of the dimensionless figure of merit ZT for

INxGao.02Tlo.20C04Sb12 (0 < x < 0.30) polycrystalline samples.

4.4 Summary

In the present study, polycrystalline samples of group 13 elements (Ga, In,
and TI) triple filled CoSbs in the compositions of INxGag.02Tlo.2C04Sb12 (0 < x < 0.30)
were prepared and the TE properties were investigated from room temperature to
773 K. All of the samples had a few impurity phases in addition to the skutterudite
matrix phase. With increasing the amount of In, the In content increased in the
skutterudite phase while the Tl content decreased. Based on the analyses of both
lattice parameters and the carrier concentration, the valence state of In in the CoSbs
structure would be close to +1, not +3. All of the samples exhibited negative S values.
Owing to the slight increase in the ny, both the p values and the absolute S values
generally decreased with increase in the In content. The xa of the samples were
significantly reduced by adding the group 13 elements into CoShbs. All of the samples

approached relatively low xat even they contained a few impurity phases. All of the
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samples exhibited relatively high ZT values, the maximum ZT value was 0.72 at 773

K obtained for the Inp.30Ga0.02Tlo.20C04Sb12 sample.
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CHAPTER V
Effect of Tl and K Double-Filling on Thermoelectric

Properties of CoShs

5.1 Introduction

Thermoelectric (TE) materials can be used for direct energy conversion from
waste heat into electrical power, and have the merit of no moving parts and high
reliability. The efficiency of the energy conversion of TE materials is governed by the
dimensionless figure of merit, ZT = S?T/p/k. In this equation, S is the Seebeck
coefficient, T is the absolute temperature, pis the electrical resistivity, and « is the
total thermal conductivity (x = xat + xel, Where xiat and xel are the lattice and electronic
contributions, respectively).)) Owing to the ZT value directly reflects the efficiency of
the energy conversion, the development of high-ZT materials has a significant
meaning for more effective energy savings by recycling the waste heat. To achieve
high ZT, a large S, low p, and low « are required, however, S, p, and xe are strongly
interrelated with each other in materials, so reduction of xa is required to maximize
ZT.23

With the significant reduction of xa due to the strong “rattling” phonon
scattering effect by filler atoms, filled skutterudites have been a focus of research as
typical “phonon-glass electron-crystal” materials proposed by Slack for their
promising thermoelectric performance in practical application.? The alkaline-earth
(AE) or rare-earth (RE) metals filled skutterudites with ZT above unity value have
been reported widely.*9) In comparison, other group elements-filled skutterudites
were rarely reported. Among them, both of K and TI single-element-filled
skutterudites showed ZT around 1.1911) Recently, the vibrational frequencies of the
filler atoms in CoShs have been calculated by density functional theory and were

found to be significantly different for different chemical groups of the periodic table.'?

72



It was suggested that only the lattice phonons with frequencies near the vibrational
frequency of fillers can be strongly scattered via phonon resonant scattering.®)
Therefore, introducing two different chemical groups into the cages of CoSbs could
introduce two distinctive filler vibrational frequency for a broader range lattice phonon
scattering, leading to a further xa: reduction.® In the present study, we selected one
of the lightest elements K and one of the heavy element Tl as a combination for co-
filling, i.e. the vibrational frequencies between them should be large. And consider
both of them are very effective for reduce the lattice thermal conductivity as single-
filling elements as reported literature, the more significant reduction of lattice thermal

conductivity can be expected by Tl and K co-filling.

Consider K is drastically evaporate at high temperature, however according
to the previous literature,’® 30% addition of K can make sure around 10% can be
actually filled into the cages. Although, TI's filling limit is around 20%, consider the
filling fraction limit of K was determined as high as 45%, therefore, more than 20%
of Tl can be expected to be filled into CosSbi1> completely. Therefore, the sample

compositions were determined as TlxKo3C04Sb1 (0.1 < x < 0.30).

5.2 Experimental

The Tl and K double-filled skutterudites: TlxKo3C04Sb12 (0.1 < x < 0.30) were
synthesized by a combination method of traditional melting and long-term high-
temperature annealing. The high-purity elements Tl (99.9%), K (99%), Co (99.99%)
and Sb (99.999%) were combined in their stoichiometric ratios and placed in a
carbon crucible, and then loaded into a silicon tube in a glove-box under an Ar flow
atmosphere. The silica tubes were sealed under vacuum. The sealed silica tubes
were heated slowly up to 1323 K and then quenched to room temperature. And then,
annealed at 873 K for one week. The obtained ingots were crushed into powders,
followed by spark plasma sintering at 923 K under a pressure of 50 MPa for 15

minutes in an Ar flow atmosphere.
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Structural characterization was conducted using X-ray diffraction (XRD)
analysis in air at room temperature with Cu Ka radiation. The microstructure and
chemical composition of the samples were investigated by field emission scanning
electron microscopy (FE-SEM; JEOL JSM-6500F) with energy dispersive X-ray
(EDX) analysis in vacuum at room temperature. S and p were measured using a
commercially available apparatus (ULVAC, ZEM-1) in a He atmosphere. Thermal
diffusivity (o) was measured by the laser flash method in a vacuum using a
commercially-available thermal constant analyzer (ULVAC TC-7000). x was
evaluated via the standard equation of x = aCpd, where C, and d are heat capacity
and density, respectively. Cp was estimated using the Dulong-Petit model, i.e., C, =
3nR, where n is the number of atoms per formula unit and R is the gas constant. All

TE properties were measured from room temperature to 773 K.

Hall coefficient (R+) was measured at room temperature by the van der Pauw
method under vacuum with an applied magnetic field of 0.5 T. The Hall carrier
concentration (n+) and Hall mobility () were calculated from Ry assuming a single
band model and a Hall factor of 1, i.e., ny = 1/(eRn) and ux = Ru/p, where e is the
elementary electric charge. The density of bulk samples was calculated on the basis

of the samples’ weight and dimensions.

5.3 Results and Discussion

The powder XRD patterns of the polycrystalline samples of TlxKo3C04Sbi2
(0.1 = x =£0.30) are shown in Figure 5.1. From the results, it can be found that all
samples were single phase and that all the peaks in the XRD patterns were identified
as peaks derived from the skutterudite phase. And the lattice parameters calculated
from the XRD patterns of TlxKo3C04Sb12 (0.1 < x < 0.30) are plotted in Figure 5.2.

The lattice parameters were increased obviously with increasing Tl contents.

Figure 5.3 show SEM and EDX mapping images for sample of
Tlo.3K0.3C04Sb12. The surface was homogeneous with no significant trace of impurity

phases by EDX analysis. The matrix chemical compositions of samples were
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determined by EDX analysis, and the results were summarized in Table 5.1. As
shown in Table 5.1, all of the Tl was successfully filled into the cages in all of the
samples even 30% TI amounts exceed the filling fraction limit. It indicates that K
which has high filling fraction limits around 45% can driving up TI's solubility in CoSbs
base skutterudites. And, the main reason for the significant difference between the
nominal and measured value in K contents is the considerable volatilization losses
of K during the synthesis. Due to, the high amounts of filler atoms filled into the matrix,
the carrier concentration as high as 4.3 X 102° cm was obtained for Tlo.3Ko.3C04Sb1>.
In addition, all the samples used for hall coefficient measurement were approached

to their theoretical density.

TI0.3KO.3CO4Sb12
:(LT TI0.2K0.3CO4Sb12
c
-
8
L T, K, ,Co,Sb,,
2
2
9 L l J k i A Xl N
[
= Cosb,
! .|,'|.'|,|. |,". A

20 30 40 50 60 70 80
Diffraction angle, 26 (deg)

Figure 5.1 Powder XRD patterns of polycrystalline samples of TlkKo3C04Sbiz (X =
0.1~0.3).
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Figure 5.2 Lattice parameters of polycrystalline samples of TlxKo3C04Sb1z (X = 0.1~0.3).

— 20 um
Figure 5.3 FE-SEM micrographic and EDX elemental maps for Tlo3Ko.3C04Sh12 sample.

Table 5.1 Compositions and charge-transport Properties of Tl and K double-filled

skutterudites at room temperature

Normal EDX Ru NH HH
composition composition (102cm3C?) | (10 cm®) | (cm2vis?)
Tlo.1K0.3C04Sb12 | Tlo.1Ko.15sC038Sb12.4 24 15 52.2
Tlo2Ko3C04Sb1z | Tlo2Ko2C038Sh123 2 3 42.1
Tlo3K0.3C04Sb1z | TlosKo2C0358Sbi23 15 4.3 38.5
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The temperature dependence of TE properties are shown in Figure 5.4.
Figure 5.4 (a) shows an increase in p with temperature, exhibits a typical heavily
doped semiconductor behavior as reported by Mallik et al.1¥ And p decreased with
Tl contents, it can be considered that the ny increased with increasing Tl contents in
the matrix, although the carrier mobility was slightly decreased. Figure 5.4 (b) shows
that the S decreased with increasing Tl contents. Since the S and ny is inversely
proportional, this phenomenon also can be explained by ny increased with Tl addition.
In the cases of x = 0.2 and 0.3, the S increased with temperature, however, S

increased with temperature up to 600 K and then decreased for x = 0.1.

Figure 5.4 (c), (d), and (e) show the temperature dependence of «x, xa, and
kele respectively. As shown in Figure 5.4 (c) and (d), x = 0.20 sample showed the
lowest x, however, the x = 0.30 sample shows the lowest xat in the entire temperature
range. It can be exlained by the xee of x = 30 is much higher than that of x = 20 in
the entire temperature range due to the higher carrier concentration as shown in
Table 5.1. In addition, the bipolar effect in the x = 0.1 sample is much obvious than
that of x = 0.2 and 0.3. This can be considered that, high carrier concentration in x =
0.2 and 0.3 samples effectively depressed the bipolar effect at high temperature
resulted in a lattice thermal conductivity as low as 0.9 Wm=K-, It indicates that Tl
and K co-filling is an effective way to scatter the thermal carrying phonons. The
bipolar effect also can be observed from the temperature dependence of S as shown
in Figure 5.3 (b). Figure 5.3 (f) shows the temperature dependence of ZT. Duo to,
the enhanced electrical properties, and the significantly reduced thermal conductivity,
the maximum ZT of 1 was obtained at 773 K for Tlo.2Ko.3C04Sb12 and Tlo.3Ko.3C04Sb12

in the nominal compositions.
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Figure 5.4 The TE properties of polycrystalline samples of TlxKo.3C04Sbi, (x = 0.1~0.3).

5.4 Summary

In the present study, Tl and K co-filled skutterudites, TIxKo3C04Sb12 (0.1 < x

< 0.30) was prepared and their TE properties were investigated. All of the samples
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showed single phase. Owing to the high filling amounts, the electrical properties were
obviously enhanced. At the same time, a very low lattice thermal conductivity was
obtained in the entire temperature range for x = 0.3. It indicates that Tl and K co-
filling is an effective way for phonon scattering. The maximum ZT of around unity
was obtained at 773 K for Tlo.3Ko.3C04Sbi2 and Tlo.2Ko3C04Sbi2 in the nominal

compositions.
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CHAPTER VI

High Temperature Thermoelectric Properties of Half-

Heusler Compound PtYSb

6.1 Introduction

Thermoelectric (TE) materials can be used for energy conversion from heat
into electrical power. The efficiency of TE materials for energy conversion is
determined by the dimensionless figure of merit, ZT = S?Tplx!, where S is the
Seebeck coefficient, T is the absolute temperature, pis the electrical resistivity, and
k is the total thermal conductivity (x = xiat + xel, Where xiar and xel are the lattice and
electronic contributions, respectively).1? The ZT value directly reflects the efficiency
for energy conversion; therefore, the development of high-ZT materials is the main
goal in this research area. According to the ZT equation, large S, low p, and low «,

which are interrelated transport properties, are required to maximize ZT.3

Half-Heusler compounds have received much attention in recent years as
advanced TE materials, due to their tunable band gap size, which has resulted in
multifarious physical properties. The TE properties of various half-Heusler
compounds such as MNiSn,*11) MCoSb,213) HfPtSn,' and LnPdSb,® where M =
Ti, Zr, Hf and Ln = lanthanide elements, with valence electron concentrations (VEC)
of 18, have been experimentally confirmed as compounds that exhibit ideal transport
properties as TE materials due to their narrow band gap or pseudo-gap at the Fermi
level. Shen et al. achieved ZT = 0.7 at 800 K for partially Pd-substituted ZrNiSn.®
Sakurada and Shutoh reported the Sb-doped (Ti,Zr,Hf)NiSn with ZT = 1.5 at 700 K,
due to the large S and a very low x,® which is one of the highest ZT values in bulk

TE materials within the intermediate temperature range.
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It has been demonstrated that several half-Heusler compounds containing
noble metals such as Pd and Pt exhibit excellent TE properties. Oestreich et al. have
studied the TE properties of ScMV"'Sb and YMV!'Sb (MV!" = Nii, Pd, Pt), and expected
that PtYSb would be a promising TE candidate material, based on the large power
factor S2p7!, and low x.16 Ouardi et al. reported that PtYSb has a large mobility of
300 cm? V-1 st at 350 K, which resulted in a relatively high ZT value of 0.2 at 350

K 17.18)

The relatively high ZT values for PtYSb reported to date have motivated us
to investigate this compound further. The previous work has reported the TE
properties of PtYSb only in the low-temperature range, and no high-temperature data
have yet been reported. Therefore, in the present study, polycrystalline bulk samples

of PtYSb were prepared and their high-temperature TE properties were examined.

6. 2 Experimental

Polycrystalline samples of PtYSb were prepared from a stoichiometric ratio of
Pt (99.9%) wire, Y (99%) chunks, and Sb (99.9%) chunks. The staring materials were
weighed and mixed in a glove box under a N>-flow atmosphere, and then placed into
silica tubes. The silica tubes were sealed and slowly heated up to 1323 K and held
for 1 week, then annealed at 1123 K for 2 weeks. The resultant ingots were crushed
into fine powders, followed by spark plasma sintering (SPS) in a graphite die at 1073

K under a pressure of 60 MPa for 20 min under an Ar-flow atmosphere.

Structural characterization was conducted using powder X-ray diffraction
(XRD) analysis in air at room temperature using Cu Ka radiation. The microstructure
and elemental distribution of the sample surface were investigated using field
emission scanning electron microscopy (FE-SEM; Jeol, JSM-6500F) and energy
dispersive X-ray (EDX) spectroscopy under vacuum at room temperature. Cylindrical
samples (10 mm diameter, 15 mm height) were used for S, p, and sound velocity
measurements and disc-shaped samples (10 mm diameter, 1 mm thick) were used

for thermal diffusivity («) and Hall coefficient (Ry) measurements. S and p were
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measured using a commercially available apparatus (Ulvac, ZEM-1) in a He
atmosphere. a« was measured by the laser flash method under vacuum using a
commercially available thermal constant analyzer (Ulvac TC-7000). x was evaluated
via the standard equation of x = aCpd, where C, and d are the heat capacity and
density, respectively. Cp was estimated using the Dulong-Petit model, i.e., C, = 3nR,

where n is the number of atoms per formula unit and R is the gas constant.

All of the TE properties were measured from room temperature to 973 K. Ry
was measured at room temperature by the van der Pauw’s method under vacuum
with an applied magnetic field of 0.5 T. The Hall carrier concentration (n4) and Hall
mobility («+) were calculated from Ry assuming a single band model and a Hall factor
of 1, i.e. ny = 1/eRy and un = Rul/p, where e is the elementary electric charge. The
density of bulk samples was calculated on the basis of the measured sample weight
and dimensions. Longitudinal and shear sound velocities were measured using the
cylindrical samples with the ultrasonic pulse echo method to calculate the Debye

temperature (6b).

6. 3 Results and Discussion

Powder XRD patterns of the polycrystalline PtYSb samples are shown in
Figure 6.1, together with the literature data for reference.® Almost all the peaks in
the XRD patterns were consistent with that reported for PtYSh.1® Several negligible
peaks corresponding to yttrium oxide (Y203) and PtsY were observed as impurity

phases.

As summarized in Table 6.1, the lattice parameter was determined to be
0.6538 nm for the prepared sample, which is in good agreement with the literature
values of 0.6532 and 0.6527 nm.16:18)
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Figure 6.1 Powder XRD patterns of the PtYSb sample prepared in this study and that
reported in Ref. 19.

Table 6.1 Lattice parameters a, density d, percentage theoretical density (% T.D.),
longitudinal sound velocity V. (m/s), shear sound velocity Vs (m/s), Hall coefficient RH
(300 K), Hall carrier concentration ny (300 K), Hall mobility / (300 K), and Debye

temperature 6, for the polycrystalline PtYSb sample.

a d Vi Vs b
% T.D.
Sample (nm) (g cm®) (m/s) (m/s) (K)
0.6538 8.92 92.4 4408.91 2512.11 283
Ru NH HH
PtYSb (cm®/C) (10%cm3) (cm?Vv-is?)
0.346 1.81 164

An SEM micrograph and EDX elemental maps of the SPS PtYSb sample
are shown in Figure 6.2. The impurity phases were clearly evident in the SEM image.
In addition, the chemical composition was obtained through EDX point analysis as
shown in Table 6.2.
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Figure 6.2 FE-SEM micrograph and EDX elemental maps for the PtYSb sample.

Table 6.2 Chemical compositions of points A, B and C

(at. %) determined by EDX point analysis

A B C
Pt 36.12% 3.18% 73.24%
Y 31.07% 42.52% 19.86%
Sb 32.81% 0.53% 4.10%
@) 0% 53.77% 2.80%

The points of A, B, and C were chosen within main matrix phase, Pt rich phase,
and Y rich phase respectively. From the result of EDX point analysis, the actual
chemical composition of main matrix was determined to PtYo.ssSbo.g1, and as for Pt
rich phase and Y rich phase, combine together with XRD patterns the impurity
phases were determined to PtzY and Y203 respectively. The reason for Sb lost is that
is that Sb is easily vaporize during melting at high temperature condition. As
mentioned before, the actual chemical composition of main matrix is PtYo.geSbo.g1,

which leads to the formation of vacancies in the phase. Therefore, it is important to
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consider the effect of the vacancies in the half-heusler phase is helpful for reduction
of the lattice thermal conductivity by phonon scattering, while the vacancies also
scatter carriers which results in the reduction of the carrier mobility. The reduced

carrier mobility also lead to higher electrical resistivity.
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Figure 6.3 Temperature dependency of the electrical resistivity, p for the PtYSb sample,

together with that reported in Ref. 17.

The temperature dependency of the electrical resistivity p for the PtYSb
sample are shown in Figures 6.3, in addition to the low-temperature data reported in
Ref. 17 for comparison. Figure 6.3(a) shows an increase in p with temperature up to
around 500 K, followed by a decrease. The metal like behavior at low temperature
range probably due to VEC affected by element lost. The p values are almost two
times higher than the literature data.'”) Table 6.1 shows that x for the sample was
164 cm? V1 s at room temperature, which was almost half that reported in Ref. 17
(300 cm? V1 s1). This is probably due to charge carrier scattering at the grain
boundaries and vacancies generated by element lost, in addition to impurities, cracks,
and pores present in the polycrystalline sample. The relative density of the sample

was 92.4% of the theoretical density.
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Figure 6.4 Temperature dependency of the Seebeck coefficient, S for the PtYSb sample,

together with that reported in Ref. 17.
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Figure 6.5 Temperature dependency of the power factor, S?c for the PtYSh sample,

together with that reported in Ref. 17.

Figure 6.4 shows that the S values were positive over the entire temperature
range, which indicates that holes were the majority charge carrier. A relatively high
S value of 146 VvV K1 was obtained at 350 K, which was consistent with the literature

data (142 uV K1).17 Table 6.1 shows that the ny for the sample was 1.81x10%° cm-3
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at room temperature. S increased with the temperature up to around 700 K and then

decreased.

The temperature dependence of the power factor S2o7! is shown in Figure 6.5;
the value of S2p! obtained at around room temperature was clearly lower than that
reported in Ref. 17, due to the lower p compared with Ref. 17. S2o! increased with

the temperature and reached a maximum of 2.1x10°3 W m K2 at 973 K.
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Figure 6.6 Temperature dependency of the total thermal conductivity, «, lattice thermal

conductivity, xia, and the electrical thermal conductivity, xee for the PtYSb sample,

together with that reported in Ref. 17.

Figure 6.6 shows the temperature dependence of « for the PtYSb sample.
The x value at room temperature was 4.2 W m K-1, which is relatively high, due to
the simple cubic crystal structure and the high Debye temperature (6 = 283 K) for
PtYSb. xa was obtained by subtracting xel (= LT, where L is the Lorenz number =
2.45x108 W Q K=?) from the measured «, i.e., xat = kK- LTpl. The temperature
dependency of xa and xe are shown in Figure 6.4. xa decreased almost
monotonically with increasing temperature, while x decreased with increasing

temperature and then increased at around 700 K. The temperature dependence of
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x can be attributed to the increase in xe at high temperature. It has been reported
that « at room temperature for PtYSb is 2.7 W m! K-1,17) which is approximately 1.5
W m- K-t lower than that obtained in the present study. However, the reason for this

difference is still unclear.

The temperature dependence of ZT for the PtYSb sample is shown in Figure
6.7, where ZT increased with increasing temperature. Although the ZT value at room
temperature was lower than the literature data,'”) ZT increased with the temperature

and reached a maximum of 0.57 at 973 K.
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Figure 6.7 Temperature dependency of the dimensionless figure of merit, ZT for the

PtYSb sample, together with that reported in Ref. 17.

6.4 Summary

In summary, the high-temperature TE properties of polycrystalline bulk
samples of PtYSb were investigated. S in the given temperature range was positive
for PtYShb, which indicates that holes were the majority charge carriers. Although p
was higher than the literature data'”) at around room temperature, mainly due to grain

boundary and impurity scatterings, the power factor reached a considerably high
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value of 2.1x10°% W m K2 at 973 K. x decreased with increasing temperature and
increased above 700 K, due to the increase of xe at high temperature. Although Y03
and Pt3Y were present as impurity phases in the PtYSb sample and the sample
density was not high (92.4%T.D.), a relatively high ZT of 0.57 was obtained at 973 K
for the bulk sample of polycrystalline PtYSb. We expect that further enhancement in
ZT could be achieved if samples without impurity phases and with higher density
could be prepared.
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CHAPTER VII
Summary

In the present study, the group 13 elements (Ga, In, and TI) filled CoSbs
based skutterudites compounds were prepared and their TE properties were studied
in detail. Recent years, our group have focused on group 13 elements filled
skutterudite compounds. Harnwunggmoung et al. have reported several papers for
their TE properties. Among them, the ZT of Tl single-filled one approached to unity,
and Tl and In double-filled one approached as high as 1.2. These results
demonstrates that Tl is effective filler to reduce thermal conductivity result in an
enhancement of ZT, although, Tl and other elements in group 13 (Ga and In) were
considered that can’t be filled into the cages by theoretical calculations. In filled
skutterudites with high ZT around unity were studied by other groups, however there
was a controversy for the filling fraction limit. In addition, Ga and In have widely
studied as one of the co-filled fillers in skutterudites, and both of them were
considered that to naturally form nano inclusions, which in composition of XSb (X
= Ga, In), on the grain boundaries result in a remarkable reduction of thermal

conductivity.

Based on such research background, we focused on to determine the filling
fraction limit of In in CoSbs based skutterudites firstly. According to the results of
lattice parameters calculation based on XRD analysis and EDX composition analysis,
we found that the filling fraction limit of In is around 8% in CoSbs based skutterudites.
And also determined that In not only can be filled into the cages, but also to form
InSb as impurity phase in the grain boundaries and matrix. And such finely dispersed
impurity made a positive effect for reduction of thermal conductivity result in a
relatively high ZT of 0.7 for Ing.35C04Sb12 at 600 K.

As previous results, the Tl and In double-filled one showed ZT as high as
1.2. And, triple-filling was considered as an effective way to further reduce the
thermal conductivity. Thus, we focused on the further effective phonon scattering by

group 13 elements triple-filling and naturally formed nano-inclusions by over adding
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of In. From such a motivation, the sample compositions were determined as
INxGao.02Tlo.20C04Sb12 (X = 0 ~ 0.30), which the filling fraction limit of In, Ga, and Tl in
CoSbs based skutterudites were determined as 8%, 2% and 20% respectively
according to our previous studies. Just like we had envisioned, finely dispersed nano
inclusions with sizes of 20 ~ 200 nm were observed by FE-SEM. And we found an
interesting phenomenon, that Tl contents in the matrix decreased with increasing the
amounts of In by EDX analysis. And based on the similar carrier concentration and
total filling amounts in all the samples, we determined that the valence value of In in
CoSbsz based skutterudites is +1 not +3. Due to, all of the samples possessed
relatively high Tl contents and finely dispersed nano-inclusions on the grain
boundaries, the relatively low lattice thermal conductivity was obtained. And the ZT

of 0.72 was approached for Ing.30Gao.20Tlo.20C04Sb12 at 773 K.

Tl and K are much different in rattling frequencies. Therefore, the more broad
phonons can be scattered by Tl and K co-filling, resulted in a significant reduction of
lattice thermal conductivity. According to the previous reports, the filling fraction of Tl
and K are 20% and 45% respectively. Moreover, when two or more foreign atoms fill
into the cages simultaneously, the total filling amounts of fillers will approach to the
same with the atoms has the maximum filling fraction among the filler atoms. In other
words, TI's filling fraction will be driven up when co-filling with K in which has filling
fraction limits as high as 0.45. As a results, the lattice thermal conductivity as low as
0.9 Wm-K-1 at 700 K was obtained for Tlo.3K0.3C04Sb1o. In addition, due to the high
carrier concentration, the bipolar effect was successfully depressed, and the power
factor also approached as high as 4.0x103Wm-K-2, resulted in the ZT approached

to unity at high temperature for Tlo.3Ko.3C04Sb1o.

Half-Heusler compound have received much attention in recent years due
to the large S and a very low «. In the present study, noble metal contained PtYSb
was prepared and the TE properties were investigated. Althogh, the electrical
conductiviy was higher than previous data at room temperature, a considerably high
power factor 2.1 x 102 Wm-'K-2 was obtained at 973 K. Although Y203 and Pt3Y were

preseted as impurity phases, the thermal conductivity showed a relatively low value,
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resulted in a relative high ZT of 0.6 was obtained at 973 K for the bulk polycrystalline
PtYSb.

94



Conclusions

The present work demonstrated that the group 13 elements (Ga, In, and TI)
are effective species for reduction of lattice thermal conductivity as fillers. And, the
natural formation of nano-inclusions by over adding Ga or In is an positive feature as
TE materials. In the present study, we also studied the TE properties of Tl and K co-
filled skutterudites. This is the first try of combination by group 13 element with
alkaline metal. Due to K addition, the filling amounts of Tl approached to 30%, which
obviously exceeded the FFLs of Tl that was reported as 20%. And, the total filling
amounts of Tl and K approached as high as 50% for Tlo.3K0.3C04Sb12 in the nominal
composition, results in a further depression of xa: than either TI- or K- single-filling as

shown in Figure C1.12
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Figure C1l. Comparison of lattice thermal conductivity between (TI,K) double-filled

skutterudites and the literature data.

The minimum xa was approached as low as 0.9 Wm-1K-t at 700 K. This study

opened up a new way that no longer limited to a traditional combination of alkaline
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earth and rare earth. Consider the large difference in resonant frequency in TI-K co-
filling system, such a low it also could be attributed to a broader phonon scattering
by TI-K co-rattling effect. In order to clarify the relationship between the difference in
resonant frequency (4w) and xia, | summarized the data and plotted it as shown in
Figure C1.34

At first we expected that the larger difference in resonant frequency between
two filler atoms would scatter broader range of phonons, result in a lower xiat.
However, due to there are no common elements between the present work (TI-K)
and the previous literatures,®4 there is no consistency in which between frequency
difference and xia: was observed. In order to, clarify the effect of frequency difference
on xiat in TI-K double filled skutterudites system, the works of In-K and Ga-K double

filled skutterudites systems should be studied in the future.
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Figure C2. Relationship between the frequency difference, 4w and lattice thermal
conductivity, xia Of the double-filled skutterudites (R,M)xCo04Shi2, which the total filling

fraction in the range of x = 0.2 ~ 0.25.

In the present study, we used the most common experimental method, only

for exploration the filler effects on TE properties. If the advanced experimental
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methods were introduced (for example, ball milling, melt spinning, or high pressure
torsion and so on.), there is still much potential to enhance the value of ZT for group

13 elements filled skutterudites.

Half-Heusler compounds are one of the classic bulk TE materials with a high
power factor and high thermal stability. The n-type half-heusler compounds were well
studied and the highest ZT approached as high as 1.5. On the contrary, the p-type
half-heusler compounds were rarely studied and the ZT is much lower than n-type
as shown in Figure C2. From module fabrication reason, the development of p-type
half-heusler compound is necessary. PtYSb as a p-type half-heusler compound
showed a very high ZT of 0.6 at 973 K. This is one of the highest value among the
p-type half-heusler compounds up to data as shown in Figure C3. In the case of
ZrosHfo5CoSnosSho2, the ZT was increased around 50% through nano structuring
technique.>® Therefore, if the same technique applied to PtYSb, the ZT will be
significantly increased further. Although, it showed a high TE performance, due to
the Pt is the most precious metal, it is not possible for massive production. Therefore,

Ni is the considered element use in the future work instead of Pt.
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Figure C3. Comparison of ZT between n-type and p-type half-hausler compounds.
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The electric resistivity and thermal diffusivity were measured several times for
the group 13 elements filled skutterduites samples from room temperature to 773 K,
and half-heusler compound from room temperature to 973 K, and the results showed
good reproducibility. Thus, it can be said that the group 13 elements-filled
skutterudites and PtYSb half-heusler compounds are stable in such a temperature
range within our research scope. However, the durability test in a long time is

necessary for practical use.
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