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Abstract

Thermoelectric is a technology dealing with direct conversion of thermal waste energy
into electrical power. The efficiency of thermoelectric energy generator is restricted by
dimensionless figure of merit (ZT). Thermal conductivity reduction is needed to achieve high
ZT while maintaining or increasing the electrical properties. The purpose of this study is to
propose a new material fabrication method to reduce thermal conductivity without degradation
of electrical properties, using both melt-spinning (MS) rapid solidification technique and

eutectic phase separation.

In the first chapter, thermoelectric conversion, theoretical background of thermoelectric
properties, solidification techniques and eutectic phase separation were described and the
literature data were reviewed. Based on the above, a newly propose fabrication method and the

purpose of this study are introduce.

The second chapter explained the methodology to synthesize and characterize the
material used in the research. The first section described the preparation methods of arc-melting
(AM) and quench-melting (QM) technique for ingot, MS for rapidly cooled thin ribbon/flake,
and spark plasma sintering (SPS) for the densification. The second section described the

measurement technique of thermoelectric and physical properties.

The third chapter demonstrated the fabrication method for p-type Si/CrSi; eutectic alloy
by using MS technique. The eutectic lamellar microstructure size is downsize to the nanometer
range. Decreasing the rotation speed increase the average eutectic spacing, which confirm that
this fabrication technique can control the size and produce nanostructure composite
thermoelectric materials. It is confirm that the thermal conductivity can be reduce to its one-

third, which result in the enhancement of ZT value.

The fourth chapter investigated the fabrication of n-type Si/CrMnSi; eutectic alloy by
adopting MS technique and SPS process. High density bulk samples have been produce from
ribbons or flakes. The MS-SPS sample microstructure was effectively refine by nearly one-
tenth than AM-SPS sample even though grain growth occur through the sintering process.
Through the microstructure refinement, thermal conductivity is decrease but the power factor
is not deteriorate in spite of the high density of interface between Si and silicide phases. The



results confirm that the MS-SPS can produce clean interfaces, which is preferable as

thermoelectric materials.

The fifth chapter investigated Bi-Sb alloy and InSb eutectic composite fabricated by
MS-SPS. The submicrometer-sized composites are successfully obtain. The structure can
reduce the thermal conductivity by 35 % and slightly increase ZT value. This confirm that the

new fabrication technique can be apply to various thermoelectric material systems.

The sixth chapter summarized the overall development on the self-assembly fabrication
processes using eutectic phase separation, rapid solidification and SPS. It is conclude that the
new fabrication technique can provide fine nanostructure composites and is promising method

to improve the thermoelectric performance.
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CHAPTERII

Introduction

1.1 Background

In modern times, energy demand and population growth have increased with progress
in science and technology [1]. As a result, the problem of exhaustion of energy resources and
global warming caused by greenhouse gases generated by combustion of fossil fuels has
become serious [2-4]. Therefore, expectations are growing for technologies related to energy
saving and effective utilization of new energy, aiming at reducing fossil fuel consumption [5].
While attention is focused on technology related to the effective use of renewable energy
including sunlight and wind power, about 66% of primary energy is currently waste heat, its
unused heat (waste heat) efficient utilization has attracted attention from the viewpoint of high
energy efficiency [6]. Therefore, this research focused on thermoelectric (TE) power

generation that can convert energy directly from heat to electricity.

TE power generation is a technology to produce electric power by adopting a TE
conversion material utilizing the Seebeck effect of generating a thermoelectromotive force
when a temperature difference is provided between a metal or a semiconductor material [7].
Schematic diagram of TE conversion module is showed in Fig. 1. TE power generation system
has excellent points such as maintenance free, low running cost, no vibration or no noise, no
scale effect [8]. Under other conditions, problems include cost, toxicity, and scarcity of
constituent elements in addition to low conversion efficiency, which is a big problem for large-
scale practical application [9]. Hence, considerable incentive for researcher to develop new
material composed of eco-friendly, low-cost and more earth-abundant element. The author
attempted in this thesis to investigate the TE properties of TE materials based on silicone (Si)
and bismuth (Bi). This type of material are expected to be most promising novel TE materials.
Furthermore, enhancement of TE performance by the fabrication of nanoscale eutectic alloy

that are self-assembled using rapid solidification technique is further explored.
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Figure 1.1 Schematic diagram of a thermoelectric conversion module [7].

1.2 Thermoelectric Phenomena

The thermoelectric conversion material is based on three thermodynamic interactions
of Seebeck, Peltier, and Thomson effect. Thermoelectric power generation and cooling were

performed using these effects. These phenomena will be described as below.

1.2.1 Seebeck Effect

When two different conductors, 1 and 2 are connected to form a closed circuit loop as
shown in Fig. 1.2 and the junction temperatures of these two loops are differentas T and T +
dT, the current | flows through this closed circuit. When an arbitrary position a—a' cross section
of this circuit is cut off, an electromotive force dV12 is generated between both ends of the cut.
This incident is called Seebeck effect and Si2 is called the Seebeck coefficient (thermoelectric

power).

dv,, = S,,dT (1.1)



The thermoelectric power per 1 K of temperature difference is called relative
thermoelectric power, and generally S1> shows temperature dependence, so the electromotive
force V12 of the closed circuit at the high temperature side of the Ty and the low temperature
side of the Tc is expressed by the following equation.

TH
Vo= "5, (T)T (1.2)

Conductor 1

e
-

-

T+dT T

Conductor 2
L

Figure 1.2 Thermoelectric closed circuit joining two dissimilar conductors

1.2.2 Peltier Effect

Heat absorbed or expelled

Electric current

it

dg,,

Figure 1.3 Thermoelectric closed circuit joining two dissimilar conductors

When the current, | passes through a connection between two different types of
conductors, the release or absorption of heat depends on the direction of the current at this

boundary. The amount of heat and the sign of it depends on the nature of the bonding material



and the amount of heat depends on the time and the I. As shown in Fig. 1.3, the amount of heat
Q12 generated when the I flows through the intersection of the two kinds of conductors is

expressed by the following equation.
dQy, = 7, 1dT (1.3)

/2 is called the Peltier coefficient, and heat absorption and heat generation are switched

when the current flows in the reverse direction.
1.2.3 Thompson Effect

In the same conductor in which the temperature distribution is present, the carrier
diffuses from high temperature part to low temperature part and heat carriers are transported
against the internal electric field commensurate with the diffusion of this carrier, so that heat
is released from the conductor. If an external electric field causes a current to flow in the same
direction as the internal electric field, the internal electric field carries out transportation that
increases the current to absorb heat. As shown in Fig. 1.4, the heat quantity dq released by the
current I in the region of the length dx in the temperature gradient in the conductor is expressed

by the following equation.

dq =1l ﬂdxdT (1.4)
OX

71 is the Thomson coefficient.

ar
dx

dq

Figure 1.4 Thomson absorption heat generated by current when a temperature gradient exists

on the same conductor



1.2.4 The Kelvin Relationships

Seebeck effect, Peltier effect, Thomson effect is related with thermodynamic law. As
shown in Fig. 1.5, consider a closed circuit where there is a temperature difference at the joint.
The Peltier heat absorption z2dl and the heat radiation m1dl generated at the joint are

connected by the following relational expression.

on,,
dT 1.5
= (1.5)

Ty =Ty +

Also, since there is a temperature difference in the same conductor, heat absorption
ndldT and heat radiation »dldT due to Thomson effect occur. Since the power consumption
of this closed circuit is S12d1dT, the first thermodynamic law of this circuit can be expressed as

follows.

—r,dl + 7,,dl —7,dIdT + 7,dIdT =S, dIdT (1.6)

From Eqg. 1.6, the following expression is obtained.

—(r,—17,) =Sy, (1.7)

Next, we derive the relational expression when we consider the reversible process of
Seebeck coefficient, Peltier effect, Thomson effect separately from non-reversible process of
heat conduction and Joule's heat. When heat is absorbed and absorbed in the Fig circuit. 1.6 As
these are reversible processes, the following equation may express the condition that the

entropy as a whole changes to zero.

Ta g Tzg 2T hggT =0 (1.8)
T+dT T T

Using the relational expression between the Peltier coefficients, it can be rearranged as

follows.



dm, dT m, dT dT

L 1,
0T T+dT T Tear 0 )7 (1.9)

Here dT is less than T, assuming that dT is large enough to be ignored for T, the

following is obtained.

dr, LY

T T,- 7T, (1.10)

Using the relation derived from the first law of thermodynamics, the following

relational expression is obtained.

Sp === (1.11)

The above relational expression is called Kelvin's relational expression.

Conductor 1
QA LY S —_

Conductor 2

odldT Q

Figure 1.5 Heat absorption/heat dissipation in thermoelectric conversion
1.3 Thermoelectric Figure of Merit

When conductor is applied with temperature gradient, charge carriers at hot side acquire
extra kinetic energy than those at cold side until the potential gradient prevent more diffusion.
A dynamic equilibrium ensure that no net transfer of charge while only a transfer of kinetic
(heat) energy. Hence, conductor hot side will change to positively charged because electrons

transported away otherwise negatively charged assuming that whole transport is predominant.



As shown in the Fig. 1.6, when the electrode is coupled with p-type and n-type TE
materials and there is a difference in temperature, Th—Tc, electric current (I) occurs at the

junctions. Absorbed heat at hot junction Q, and released heat at cold junction Q,, are

expressed as

Qrp =Sl Ty and Qpn =SmlTe . (1.12)

Q, =K(T, -T¢) (1.13)
where K is a specific coefficient for materials. The electrical current is shown as

Spn(TH _TC)
R+r

| = (1.14)

where r is the absolute internal resistance of TE device.

Heat Absorption

Electrode 1

n-type
Iy, Kn

p-type
p’™n
Electrode 2

R Heat Release

Resistance

Figure 1.6 Schematic illustration of TE generator

The resistance r can be defined as following eq. 1.15 using the length of the materials,
L, the internal resistance r, and rp, the electrical resistivity pn and pp, and the cross section area

An and A, for n- and p-type TE material, respectively.



_ _| Lo P 1.15
r=r, +r+ [An+ApJ ( )

Additionally, the thermal conductance Kpn can be defined as following equation:
Kpn =Kn+Kp =k, A, +chAp (1.16)

where xn and xp, are the n-type and p-type TE material thermal conductivity,

respectively.
Then, applied heat Q,,, can be expressed as

1 1
Qtotal = Qpn +Qm _Elzr = apnITH + K(TH _TC)_EIZr (117)

The energy efficiency # is obtained using Q,,,, and available energy P = I °R:

P
Qtotal

n

1
Son Ty =Te)——
m (T C)r((R/r)+1)2
1 1

Spn TH( H _TC)I‘((R/F)+1)2 + K(TH - C)_ZI’((R/I‘)-}—].)ZSpn (TH _Tc) (1.18)
R/r
T, -Te (R/r)+1)

Thus, the TE efficiency is determined by following parameters: (i) temperatures of
junctions, Ty and Tc, (i) materials intrinsic parameters K, r, and Spn, and (iii) the ratio of

internal and external resistance R/ r.

In the case that these parameters except for K are constant, K should be as small as

possible to maximize the efficiency 7.



K =(KnAn +Kp,%{in—”+%J=Knpn +K,P, +Knpp%+l€ppn % (1.19)

To minimize K, K was differentiated with respect to the ratio of area (Ap/ An), then the

following equation is obtained.

EJZ _Ka Po 1.20
: oo

The thermal conductance K can be determined by choosing (Ap/ An) fulfill the equation
(1.22):

K =(ron +4fiop, | (L21)

Using equation (1.22), TE figure of merit and efficiency, independent to sizes of

materials, can be obtained as

S’ S’
2y == (1.22)
pn .
Rir
T -Te (R/r)+1Y
=7 LRIl 1T, =T, 1 (1.23)

zZ,T, 2 T, (Rir)+1

On the other hand, to maximize #, if  was differentiated with respect to the ratio of

resistance (R/ r), following relationship is obtained.

r

R T, +T
(—} =142, HZ c — [1+2T, (1.24)
opt

Here, Tm = (TH + Tu) /2 is mean value of absolute temperature in the device. Then the

maximum efficiency nmax is expressed as below:



CT,-T. ezl -1
lnex = T T, (1.25)

The relation between nmax and ZTm is outline in Fig. 1.7 for Tc = 300 K. In reaching
higher TE efficiency, higher Z value and larger temperature difference is needed. Application

with ZTm > 1 ~ 1.5 will benefit in accomplish the efficiency of # > 0.1, from view of

commercial use.

From the Eq. (1.22), the absolute ZT is determined by Eq. (1.26), using the material
absolute Seebeck coefficient (S), electrical resistivity (p) or electrical conductivity (o), and

thermal conductivity (k).

zr=-S1-27 (1.26)
Kp K
04 Th =400 K

TH =600 K
0.3 TH=800K

TH=1000 K
0.2

Thermoelectric efficiency, nmax
)
n

o 1 2 3 4 s
Dimensionless figure of merit, ZTm

Figure 1.7 Dimensionless figure of merit, ZTm, dependences of maximum efficiency, 7max, in
the case of Tc = 300 K

14 Improvement of Thermoelectric Performance

To improve ZT, it is a needs to increase electrical properties (S, p) and subsequently,

decreasing the x. Doping manipulation for materials is a key practise to the considerable change

10



in the TE properties and crystallographic [10]. Shown in Fig. 1.8, S decreases and the
concentration gain of the carrier increases in both xand o (= p-1). Therefore, high power factor

(S? ¢) and ZT are achieved in correlate to the region of massively doped semiconductor [11].

1018 1.019 i PR T 1 ..1.{;20 i PR T 1 ..‘1.021
Carrier Concentration (cm'a)

Figure 1.8 Carrier concentration dependences of S, o, S%s, x, and ZT by assuming acoustic

phonon scattering and single parabolic band
1.4.1 Carrier Concentration

Only a single type of carrier is needed in order to make sure S is higher. Mixed p-type
and n-type conduction force both charge carriers shifting to cold side, annihilate the Seebeck
voltages. Correlation between S and carrier concentration conceivable seen by comparably
simple models of electron transport. S for degenerate semiconductors or metals is specified by
[12]:

2
3

g 8T ( " ) (1.27)

3eh? 3n

where m” is effective mass and n is concentration of carrier. Eq. (1.27) indicates that
low n semiconductors and even insulators have high S. Nevertheless, low n also effects in small

o; as seen in Eq. (1.28). The p and o are correlated to n over carrier mobility p:

1
— =0 =neyu (1.28)
p

11



1.4.2 Thermal Conductivity

The thermal conductivity in TE originates from holes and electrons transporting heat
(xe) and phonons transmitted through the lattice (xi). The Wiedemann-Franz law directly
correlates xe [11]:

K =K, + K (1.29)
m’nkiTT ne’t
= = 1.30
K, 30 = (1.30)
p=fe_ Fe _ (KB)2 T 245 10-8[WQK?] (1.31)
" oT neuT \e/ 3 7 x '

where L is the free electrons Lorenz factor.

The Lorenz factor can vary predominantly with n. Precise calculation of «. is essential,
as xi is frequently calculated by subtracting x and xe (EQ. 1.29) from the o experimental results.
Uncertainty in xe occurs in materials with low carrier concentration where the Lorenz factor
can be reduced by about 20 percent from the free electron value. In ke, more uncertainly, mixed
conduction leads to a bipolar term in « [11,13-15]. Wiedemann-Franz law discloses an inherent
materials conflict for achieving high TE efficiency as high ZT requires high ¢ but low «. For
materials with very high o such as metals or very low «, the S alone primarily determines ZT,

as can be described using Eqg. (1.32), where

K;
—«1 (1.32)
e
52
__L 1.33
ZT = — ¢ (1.33)
1+ K_e

Efforts in reducing the lattice part of the x essentially to its minimum value are being
done in many areas of research related to new TE materials. Crystal bonding will pass the
excitation to the neighboring atoms if an atom in the crystal lattice is thermally excited. Heat

is transported through the bulk through this mechanism. Because of the periodic structure of

12



the crystal lattice, these vibration effects can be described by quasi-particles called phonons.
Phonons move through the crystal, carrying a certain amount of energy in form of heat.
Considering the phonons, the representation of the i is able to be obtained by solving the
Boltzmann equation for phonons with the same procedure as that of charged carriers, electrons.
The xi is derivative from the transport properties of phonon. The transport of phonon also can

be defined by the relaxation time approximation. Thus, the i is expressed as [11,13,14]

K, = fTE?zvf (— %) G(E)dE (1.34)

where G(E), E, vx and 7 are the phonon density of states, the energy, the group velocity, and
the relaxation time of phonon scattering, respectively. The distribution of phonons in thermal

equilibrium state is given by the Bose distribution as follow:

1
fs(E) = E (1.35)
exp (W) -1

The z can be reveal for numerous scattering mechanisms by

1 1 1 1 1
T Tpp Tpc Tpa Tpg

where 7pp, tra, TPc, and zpg are phonon to phonon scattering by Umklapp process,
phonon to alloying scattering, phonon to carrier scattering, and phonon to grain boundary
scattering, respectively. If M, &, 4, v, b, m*, N, vs, y(1-y), AM, Ar, and L are average mass per
atom, Fermi energy, cubic root of the average atomic volume, Gruneisen parameter, number
of atom in a unit cell, Debye temperature, effective mass, sound velocity, product of alloy
composition, difference atomic mass, difference atomic radius, and mean free path, then either

relaxation time can be explained as

5 _ 1
1 280Y3n3 hNy(T)§

- > =— (1.37)
Tpp 2732 M&3 p

13



— = — 2 (¢—-In ) (1.38)
m*v?2
=507 (1.39)
1 8% kpTy* AM\? Ar\?
Tpa = - E(T> y(1-y) ((7) + & (T) )&t (1.40)
. VL—S (1.41)

On the other hand, according to a model reported [16], low x| can be estimated in the
materials which please the conditions as a large average mass of its constituent atoms, a low
melting point, and a large unit cell. Further, the minimization of the x is very useful in
improving the ZT value. Analytically, the x is proportional to T at high temperature and

proportional to T2 at low temperature, has maximum at around 0.05 ép.
1.4.3 Grain-Size Effects

Average size of grains contributes significantly to the x of a material. Its effect can be
consequent from the concept that the grain boundaries are thermal resistors in series with the

grains. This shown in the following Eq. 142:

= | Rk (1.42)
d

Where d is average grain size, «i is intrinsic conductivity or the x of a single crystal,
and 4. is the thermal boundary resistance. Another term that is useful when investigating the
effect of grain size on « of polycrystalline materials is the Kapitza length [.. It is defined as
material thickness of « that provides the same change in temperature as a given boundary. It is

given in the following form:

14



L, =

K
G. (1.43)

Where Gk is the Kapitza conductance. Grain size effect on the x should be minor if the
grain size is considerably higher than the Kapitza length, d > L.. Phonon scattering at the
interface becomes significant as the size of the grains match the Kapitza length and will reduce
the x compared to the same material with bigger grains.

For certain materials the effect of the grain size on x decreases with increasing
temperature. At maximum temperatures, the grain size has little or no effect on the . Smaller
grains do not result in lower values of total x at very high temperatures when compared to the
same material with bigger grains [17].

1.5 Thermoelectric Materials

Over the past 30 years, alloys based on Bi:Tes, PbTe, SiGe, and BiSb which is
traditional small ban gap materials systems have been widely studied. Here, the TE properties
of those compounds are introduced simply.

BixTes is a narrow-gap semiconductor with an indirect gap of around 0.15 eV. It
crystallizes in the rhombohedral space group R-3m. The structure made up of five atomic layers
(Tel-Bi-Te2-Bi-Tel), comprises plates, stacked by van der Waals interactions along the c-axis
in the unit cell. The state-of-the-art BiTes materials with the TE figure of merit ZT = 1 are

synthesized by alloying with Sb for p-type and Se for n-type materials [18].

In contrast to Bi>Tes, PbTe crystallizes in the NaCl crystal structure. That premiere TE
material for mid-range temperature around 600 to 800 K applications. A band gap of 0.32 eV
allows it to be optimized for power-generation applications and can be doped either n- or p-
type with appropriate dopants. The maximum ZT value for PbTe has been reported to be 0.8-
1.0 at approximately 650 K. The x of PbTe is approximately 2.2 WmK* at room temperature
and falls at higher temperature with a T-* dependence. Significant recent work has focused on

improving the thermoelectric properties of PbTe by nanostructuring [19].

Neither Si nor Ge is a good thermoelectric material, as the «; is very large (150 Wm*K"

! for Si and 63 WmK"! for Ge). The i can be substantially reduced by alloy formation between

15



the two elements. The best alloy composition is Sio7Geos; x about 10 Wm™K™. The reduction
of x ctivity manly came from phonon to phonon and phonon toelectron scattering. Since the
1960s, efforts have been made to improve the ZT of SiGe alloys, with the peak ZT of n-type
SiGe reaching 1 at 900-950 °C [20].

For cooling below room temperature, BiSb alloys have been used in the n-type legs,
couple with p-type legs of (Bi,Sb)2(Te,Se)s. These alloys have been extensively studied and
optimized for their uses as thermoelectric materials to perform a variety of thermoelectric
refrigeration and power-generation applications. In order to improve the performance of these
materials, the attempts have been done to increase ZT values by controlling the carrier

concentration and reducing the lattice thermal conductivity [21].

Despite the advantageous TE properties of the above-mentioned materials, however,
most of these heavy element contain high-toxicity and/or expensive elements that limit their
application on a large scale. Therefore, researchers have a considerable incentive to develop

alternative materials consisting of environmentally friendly, low-cost and abundant elements.

1.6 Current Research

Si has attracted attention as a promising candidate sustainable thermoelectric material.
In addition to its advantages of low-cost and environmental friendly, Si the second-most
abundant element in the earth’s crust. Bulk Si possess outstanding electrical properties
including charge carrier transport which are deniable for high-efficiency thermoelectric
material. Unfortunately, bulk Si also exhibits a relatively high x (> 140 Wm™K™? at room

temperature) leading to limited ZT of ~0.02 at room temperature [22].

For many vyears, the main approach for developing high-efficiency Si based
thermoelectric material was focused on the suppression phonon transport which acts as a main
contributor to the lattice thermal conductivity. Initially, the phonon transport properties of a Si
bulk material can be rectified and suppressed by controlling the type and amount of doping
impurities and to forming solid solutions, such as various PbTe based composites and Si-Ge
system. Lattice thermal conductivity of these solid solutions decreased thanks to a mechanism
of point defect phonon scattering. However, the introduction of point defects does not only

suppress a material’s phonon transport, but also led to severe degradation in carrier transport

16



of carrier concentration. Thus, the overall enhancement of ZT has been limited by trade-off

between the phonon and carrier transports [23].

Nanostructuring approach has been introduced for developing advanced Si based
thermoelectric materials. Nanostructures offer a material with complex crystal structures
including high density of grain boundaries (nanostructured structure), small point defects
(nanoparticles) embedded in a majority phase (matrix) and nanostructured composites
(nanocomposites). Such complex structures have experimentally been proven that they
introduced scattering mechanisms that scattered phonon very effectively, leading to a drastic
reduction of lattice thermal conductivity. Several low dimensional Si structures such Si
nanowires [24-26] and Si thin films [27,28] showed significant increase in ZT which exhibited
not only large reduction in lattice thermal conductivity but also enhancements in electrical
properties. However, such low dimensional structures are not suited to the requirement of high
temperature application due to unfavorable mechanical and long-term thermal stability [29].
Furthermore, this methods are not suitable for mass production and fabrication of bulk TE

materials
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Figure 1.9 Percentage of thermal conductivity accumulation of Si at 300 K and 1000 K [30]

For example, Fig. 1.9 show the theoretical modeling on the contribution of phonon
scattering to the lattice thermal conductivity was carried out as a function of the mean-free path
for Si. The calculations showed that 90 percent of thermal conductivity in Si is due to phonons

with a mean free path greater than 20 nm. [30] Consequently, if the grain size was reduced to
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20 nm, the thermal conductivity of the lattice could be reduced by 90 percent. The carrier
mobility should not be affected as the electron mean free path of the in Si was calculated to be
only a few nanometers [31]. The guidelines for the dimensions of nanoparticles vary for
different material systems, but the critical feature sizes of nanoscale (5 to 50 nm) are necessarily
left. Composite structures with controlled distribution of nano-scale particles are expected to
be discreet in size and possibly in composition in order to fully optimize the thermoelectric

properties of a material [32].

In bulk materials, Si nanocrystals formed by metallurgical powder methods have a
thermal conductivity of about 10 Wm™K™ at room temperature and a relatively high ZT of
about 0.7 at temperatures of almost 1200 K. However, this type of processing of Si
nanoparticles leads to the formation of oxides, the segregation of impurities and amorphous
areas on the grain boundaries. These factors tend to reduce the carrier mobility with a decrease
in grain size, leading to a poor thermoelectric power factor. Additionally, these sample
fabrications require complex procedures and much labor such as long ball-milling time. It is
hypothesized that self-assembled nanostructures prevent these problems because the interface
that is naturally formed tends to be relatively clean and smooth.

1.7 Eutectic Phenomena

A eutectic system is a homogeneous combination of substances that melts or solidifies
at a single temperature below the melting point of either component. For each alloy, there is a
certain composition in which only one solidification temperature exists, not a range as shown
in Fig. 1.10. The temperature of this alloy is the minimum temperature of melting. In a non-
eutectic alloy, the formation of the two phases takes place over a certain period of time during
the temperature range of solidification. The composition and percentage of the two phases can
be expected with the phase diagram during this time. With eutectic material, this is not
possible. In an (ideal) infinitesimal time the melt becomes solid from the liquid. Then the two
(or more) phases of eutectic material growth simultaneously. Due to their excellent casting
behavior, often similar to that of a pure metal, and the advantageous composite properties

demonstrated when solid, casting alloys are often almost eutectic.
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Figure 1.11 Types of binary eutectic morphology, the transversal image on the left and the
longitudinal crossings of the discretionally solidified microstructure on the right [33]

Since they comprise more than one phase, eutectics can show a wide variety of
geometric arrangements. These geometric shapes can be regular, irregular or fibrous. These
eutectic morphologies are shown in Fig. 1.11. The eutectic structure is regular in the upper part
of the figure. This occurs when both phases have low fusion entropy. When the low - volume
fraction phase has a high fusion entropy, the structure is irregular, which is shown in the lower
parts. Two pictures left in Fig. 1.11 have a structure of fibrous. This happens when there is a
small fraction of a single phase in volume. In contrast, the lamellae are the preferred growth
with a higher volume fraction. We can assume that the eutectic will probably be fibrous if the
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volume fraction of one phase is between zero and 0.28. If it is between 0.28 and 0.50, the
eutectic will tend to be lamellar.
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Figure 1.12 Four eutectic structures: A) lamellar B) rod-like C) globular D) acicular.

The simplest morphology for the solid / liquid interface is assumed to determine the
growth behavior of the two eutectic phases during the growth of a regular lamellar eutectic as
shown in Fig. 1.12. In this case, the problem can be treated in two dimensions. In Fig. 1.13, the

alloy is imagined to grow in a crystal that at rate V' is moved vertically downwards.

Figure 1.13 Eutectic phase diagram and regular growth of lamellae

This amounts to moving the solid / liquid interface in a stable thermal environment at
a rate V=V’. The eutectic compositional alloy grows below the eutectic temperature with an
essentially isothermal interface at temperature T*=T.-AT. From the phase diagram, it can be
seen that the two solid phases have a very different composition, while Ce is an intermediate
composition. The mean composition of the solid must obviously be the same as the melt
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composition in a stable condition. This demonstrates that eutectic growth is largely a question

of mass transportation.

During growth, the solid phases reject the solvent into the liquid. Therefore, the o phase
rejects B atoms in the melt and the B phase rejects A atoms. The rejected solvent in one stage
is necessary for the growth of the other. Consequently, lateral diffusion at the right angle of the
lamellae along the solid / liquid interface becomes dominant and leads to a decrease in the
buildup of the solute before both stages. A periodic dissemination field shall be established.
Since the maximum concentration differences at the interface (compared to the eutectic
composition) are much smaller than in the case of single-phase growth, the increasing
temperature of the interface is close to the eutectic equilibrium. The eutectic theory [34] gives
the following relationship between the undercooling (AT), the growth rate (V) and the lamellar
spacing (4) for an isothermal solidification front as,

AT = K,V + K,V A (1.46)

where K; and K> can be calculated from phase diagram and thermodynamic data. The
relationship between the lamellar spacing (1), growth rate (V) and constant related to material

properties (K) is,
A=— (1.46)

The diffusion field minimizes the structure's A-value, which results in a faster growth shown in

Fig 1.14.
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Figure 1.14 Diffusion effect at the solid / liquid interface [33]

The paths of the rejected B component from the A component were shown in the Fig.
1.15 (a) during the solidification. Therefore, the concentration in the liquid is not constant, but

depends on the Fig. 1.15 (b). This variation in concentration can only be found in the liquid at
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the solid / liquid interface but decreases in the direction of growth over an interphase. The
eutectic spacing is determined by the balance between an attractive force resulting from the
diffusion field and a repulsive force between the three - phase connections resulting from small
A capillarity effects.

The growing interface can be considered to be in a thermodynamic balance at the local
level. This means that the measurable interface temperature, Tq*, which is constant along the
solid / liquid interface (over 4 /2), matches the balance at all interface points. Fig. 1.15 (c) is
the function of local concentration and curvature. The amount of the solute (AT¢) and the
undercooling curvature (ATr) must be the same as the AT undercooling interface. A negative
curvature is required, as shown in the center of the B lamella, when the undercooling of the
solute, AT, is higher than AT. The discontinuity of the undercooling solvent is only a
discontinuity of the temperature of the equilibrium and not a true temperature discontinuity.

Figure 1.15 Eutectic interface concentration and temperature [33]

The corresponding liquid temperature for certain regions of the a-phase varies from

values greater than Te to values below the actual interface temperature, Tq* for the central
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region of the B-phase. The difference must be compensated for by the local curvature to keep
the local balance at the interface. As Tq* is constant due to the high thermal conductivity and
small phase dimensions, a negative curvature( depression) can appear in the center of a lamella
to compensate for a high local solute-controlled undercooling interface that is often associated
with a large distance, 1. The curvature of the o/l (or B/1) interface, which is necessary to match
the angles at the three phase interface, changes the temperature of the equilibrium by a quantity,

ATy, which is a function of y.

Figure 1.16 Type of eutectic interface instability [33]

Two types of morphological instability can be found in binary eutectics: single phase
or two phase, as shown in Fig. 1.16. The usually flat solid / liquid interface can become unstable
and lose its planar form. In Fig. 1.16, there are two types of instability, one phase (a) instability
or two phase (b) instability. The instability of one phase occurs when one phase advances the
other phase. This can happen if the alloy’s chemical composition is off-eutectic. In this case,
there is a small temperature interval for solidification that allows this stage to solidify earlier
than the others. Since this stage is growing earlier, the structure may be dendritic. The reason
for the latter effect is that in this case, due to the long-range boundary layer built up in front of
the solid/liquid interface, one phase is heavily undercooled constitutionally. This can be
explained by the fact that the liquid alloy is always higher than the eutectic temperature in an
off-eutectic composition: the corresponding primary phase is more undercooled and tends to
grow faster than the eutectic, as shown in Fig. 1.17. In the case of instability of both phases, a
third element (impurity) may destabilize the morphology of the solid/liquid interface that can

lead to an appearance of two phase eutectic cells, or even eutectic dendrite.
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Figure 1.17 Effect of non-eutectic composition and gradient of temperature [33]

Eutectic alloys are generally fine microstructured composites that are self-assembled
with some structural regularity directly from a melt. Its size decreases with an increase in the

growth rate in cooling conditions at a minimum [35].
1.8 Rapid Solidification Technique

The normal cooling rates are produced by casting with a cooling rate of 10 K/s to 10?
K/s [36]. Rapid solidification technology has been developed to produce uniform films of
metastable phases with a cooling rate of 10° K/s. Semiconducting and metal alloys were

amorphously molded [37].

This technique comprises of melting and injecting the sample on rapidly rotating rollers
under certain pressure. The drop solidifies and thin uniform films of amorphous phases can be
acquired while passing through the roller. Increasing the speed of the rotation and the injection
pressure will reduce the film thickness. If the melt has solidified from the rollers during the
time of exit, the quenching rate T can be estimated [38],

T = AT/At ~ (T, — T,)v/d (1.49)

where Tg and T, respectively, glass and initial melt temperature, At(= d/v) is the
contact time between roller and melt, v is the linear velocity of the roller and d is the melt

distance during solidification.
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The advantages of this solidification method are: (a) the thickness of the quenched films
is uniform. (b) Production of an endless strip of quenched material. (c) Applicable to ductile
materials as well as to brittle semiconductors. (d) There is little internal stress because the
shaping of the film occurs when it is still fluid.

1.9 Purpose of Study

The ZT development of bulk Si and Bi remains challenging recently. Although thermal
conductivity can be greatly reduced through nanostructure, the effects of high density grain
boundaries such as oxide formation, impurity segregation and amorphous areas simultaneously
degrade the electrical properties of the nanostructured material. As was mentioned previously,
for a large ZT enhancement, it is crucial to minimize or eliminate the phonon and carrier
transport’s trade-off. For this, it is a need for thermal conductivity to reduce while maintaining
or increasing the electrical properties at the same time, meaning that high ZT is achievable. For
further ZT enhancement of Si and Bi based composite thermoelectric materials, the goal of

decreasing thermal conductivity through nanostructured structure may not be sufficient.

The purpose of this study is to investigate the behavior of the eutectic compound, which
has a very fine structure using phenomena of natural phase separation. Furthermore, by using
melt-spinning technique for the eutectic system, samples with nano-sized structure without
contamination can be developed. Although there are many reports about eutectic structure and
fabrication using the melt spinning method but there is no report which use both. In the present
dissertation, Si and Bi based material eutectic system are investigate due to low toxicity, low

cost and earth abundance.

First, the study focus on improving the thermoelectric performance of Si-based
materials. It is known that nanostructuring has achieved a dramatic reduction in thermal
conductivity along with high ZT. Due to the strong phonon dispersion at the grain border and
other effects, nanostructure was considered to improve the ZT value. However, downstream
methods like ball milling have problems such as contamination and mass production
difficulties. Thus, we demonstrate the fabrication method for p-type Si/CrSi; eutectic alloys by
MS. This technique can control the size by changing the rotation speed to increase or decrease

the average eutectic spacing in order to produce nanostructure size.

25



Secondly, methods for densifying the ribbon sample without changing the
microstructure are investigate. For good TE energy conversion applications, it is necessary to
produce high density bulk sample together with combining p-type and n-type with similar
material systems. Both the p-type and the n-type in the operating temperature range should be
similar. Therefore, we studied conversion of n-type Si/CrosMno2Si. eutectic alloy by MS and

therefore sintering by SPS.

Finally, the study investigate the fabrication method on other thermoelectric material
eutectic system. It is known that a bismuth antimonide (BiSb) alloy is a semimetal compared
to previous study of Si which is semiconductor. We therefore investigate the thermoelectric
properties of n-type Bio.gsSho.12/INSb by MS and consequently sintering by SPS to study some
information on the relationship between thermoelectric transport and microstructure properties

with system other than Si and silicide.
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CHAPTER I

Experimental Method

2.1  Sample Preparation

All experiments in this work were performed at Kurosaki-Muta laboratory, Osaka
University. In the present study, for chapter 3, master ingot were prepared by conventional arc-
melting technique. For the work in chapter 4, master ingot were prepared by using the quench-
melting technique. Polycrystalline thin ribbons were prepared by melt-spinning technique,
while the bulk samples were sintered by spark plasma sintering after preparing the master ingot.

2.1.1 Arc-Melting (AM)

Arc-melting (AM) is a method used for melting metals that are normally to form alloys.
The simple model of AM system is shown in Figure 2.1. The heating process is through an
electric arc struck among a tungsten (W) rod and metals positioned in a vessel in the copper
(Cu) hearth. The Cu hearth has low reactivity with other materials. In vacuum AM, the chamber
is first evacuated and then filled with argon (Ar) gas in order to avoid oxidation as Ar being an
inert gas does not react with molten metal. The metals can be heated to a temperature up to
2000°C.

As there are two crucibles in the hearth, a set of two alloys can be prepared in a single
evacuation. The system consist of three main part which is the power source, vacuum unit and
chiller. A vacuum of 10 m bar can be attained by the vacuum unit with diffusion and rotary
pumps. The Cu hearth and the electrodes are cool down by the cold circulation water from the
chiller. After master ingots are melted and solidified, it can be turned over by a tweezer inside
the chamber without breaking the vacuum and then re-melted again. The re-melting process is

repeated three times or more to attain a fully compositional homogeneity.
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Figure 2.1 Schematic model of arc melting.

2.1.2 Quench-Melting (QM)

The preparing technique of glasses by means of rapid quenching of a melt is historically
the most established and it is still the most widely used in the preparation of amorphous
chalcogenide materials. The method consists of weighting and mixing the high purity
constituents followed by melting in sealed evacuated quartz ampoules by vertical furnace. The
melt is continuously rocked to ensure homogenization. Subsequently, the melt will vitrify

when cooled by quenching in ice water.

2.1.3 Melt-Spinning (MS)

Melt spinning (MS) is a rapid solidification technique that are used in preparation of
many advanced functional materials [1]. The mechanism of the melt spinning is shown in
Figure 2.2. By induction heating, small amount of alloy were liquefied inside a crucible.
Subsequently, the melted alloy were ejected thru a fine nozzle with pressurization over the

controlled-rotating copper roller.
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Figure 2.2 The melt-spinning system schematic model

There are several parameters to control, i.e., the atmosphere in the chamber, internal
pressure, injection pressure, output current, rotational speed, nozzle diameter, and distance
between the nozzle and the copper roller. These parameters determine the size, shape, and
thickness of obtained ribbons. Table 2.1 show the listed parameters used in this study. The
crucible material is selected according to its low porosity, thermal conductivity, resistance to

thermal shock and chemical compatibility.

Table 0.1 The parameters of melt spinning system
Parameter Condition
Roller rotation speed 10 m/s — 52 m/s
Melting atmosphere Ar atmosphere
Atmospheric pressure 15 kPa — 20kPa
Injection pressure 10 kPa — 20kPa

Distance between roll and nozzle 0.2 mm
Nozzle type hexagonal boron nitride (h-BN)
Diameter of nozzle $#0.6 mm
Output current 10A-15A

In the cross section, the nozzles are typically circular, which ranges from 50 to 1250
um. They are made by refractory materials. The nozzle materials that are typically used are
hexagonal boron nitride (h-BN), graphite, alumina, silicon carbide (SiC), and sapphire. In this
study, the h-BN nozzle was adopted to prevent the reaction between the samples and the nozzle.
The particular purpose of these nozzles relies on the type of metal to be prepared while the
ejection pressure relies intensively on the desired melt delivery rate. Desired melt delivery rate

is of great importance for the election pressure. The adoption of higher ejection pressure leads
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to the development of the wetting pattern. With this, an improved thermal contact within the
substrate and melt puddle can obtained. When the nozzle diameter decrease, there would be an
increase of the required ejection pressure. Typically, the solidification rates would be ~100m/s.
Transforming the melt to the amorphous structure has been made possible due to the high

solidification rates.

2.1.4 Spark Plasma Sintering (SPS)

' Pressure
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Figure 2.3 The schematic model of spark plasma sintering system

A method to synthesize bulk sample from powder by applying one axis force and
pulsated direct electrical current is called spark plasma sintering (SPS). SPS has many benefits
compared to ordinary sintering approaches for instance hot isostatic pressing (HIP) and hot-
pressing, i.e., rapid and uniform sintering, low grain growth, high energy efficiency, and easy
operation [2]. Figure 2.3 demonstrations a schematic model of the SPS method. The powder is
weighted into a graphite die. Pulsed direct current is then adapted to the die under pressure.

Part of the die surrounding the powder works as resistance paths for applying pulsed direct
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current. Heat produced at this resistance can increase temperature of the sample effectively.
The air pockets existing among each particle in the powder act as capacitors with the
application of alternating current. The temperature gradients within sample must be low in
order to homogeneously sinter the sample. Thus, electrical conductivity of the material is the

important factor for SPS.

2.2 Characterization Methods

In this work, the thermoelectric and physical properties were characterized by using the
laser flash analysis, ZEM-3, X-ray powder diffraction (XRD), field emission scanning electron

microscopy (FE-SEM), and energy dispersive X-ray spectrometry (EDS).

2.2.1 X-ray Powder Diffraction (XRD)

To measure phase characterization of sample, powder X-ray diffraction (XRD, Rigaku
RINT2000) is used. From the XRD results, unit cell volume, the lattice parameter, and
theoretical density can be assessed. Purity phase and present of any impurity phase in the
compound can be determine by using material diffraction data set as most materials have
unique diffraction patterns. When X-ray strike onto the surface of a crystal, they are moderately
scattered by atoms once while some quantity of them passes through. The positioning among
atom layers need to be in radiation wavelength and the sample need to be crystalline structure
for an X-ray to diffract. When constructive interference (two or more diffract beams wave are
in phase with each other) arises, the diffraction pattern will displays a peak. Destructive
interference (out of phase) arises and there is no peak. As a high frequency of steady structure
is required for diffraction, amorphous entity will not appear in a diffraction pattern while
crystalline solids will diffract. A whole number of wavelengths needs to have travelled while
inside the substance for the wave which is in phase with the wave to redirect from the surface.
This can be express in an equation well-known as Bragg's Law [3];

2dsind=nAi (2.1)
where d is the little spacing in a crystalline sample, A is the wavelength, while n is

diffraction order integer.
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Figure 2.4 Relationship among the wavelength A, angle €, and atomic spacing d.

A powder XRD apparatus consists of an X-ray detector, X-ray source, a way to vary
angle and a specimen stage as shown in Figure 2.5. At angle 6, the X-ray is directed to the
specimen. The detector opposing the source, detects the X-ray intensity. Angle of the detector
will always remain 26 above the source path, while the incident angle increases during the

operation.

X-ray
source

y
-

Figure 2.5 Diagram of X-ray diffraction tool
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2.2.2 Field Emission Scanning Electron Microscopy (FE-SEM)

Surface morphology can be observe using the scanning electron microscopy (SEM). In
this study, images of solid surface were obtained with the field emission scanning electron
microscopy (FE-SEM). The equipment apply a concentrated beam of high-energy electrons to
produce range of signals at the dense samples surface. Schematic model of the SEM is
displayed in Figure 2.6 [4]. Accelerated electrons in SEM, transport a considerable quantities
of kinetic energy. Once incident electrons are decelerated in the dense sample, this energy is
degenerate as a range of signals created by electron to sample interfaces. Particular signals
comprise of secondary electrons, diffracted backscattered electrons (EBSD), backscattered
electrons (BSE), and so on. The secondary electrons are usually used for showing contrasts in
configuration in multiphase samples. Image showing the morphology of the surface is
generated by scanning the specimen and gathering the secondary electrons using a detector.

Electron gun

Electron beam —=7=— Anode

e
& I
\ Electromagnetic
Scan coll I || Lens
/ SEl detector
& || K ,
Scan coil | H
Specimen

Figure 2.6 Diagram model of scanning electron microscopy

2.2.3 Energy-Dispersive X-Ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS or EDX) is a chemical microanalysis
method used in concurrence with the SEM is called. The EDS identifies X-rays released from
specimen throughout bombardment thru an electron beam to identify the elemental

composition of examined volume. Phases or features as little as 1 pum or less can be evaluated.
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Electrons are emitted from atoms comprising the specimen surface once the specimen
is bombarded by the SEM electron beam. The resulting electron vacancies are occupied by
electrons from a greater state, and an X-ray is released to balance the energy change amongst
two electrons' states. X-ray energy depends on the element.

EDS X-ray detector compute the relative abundance of released X-rays versus their
energy. It creates a charge pulse that is proportional to the energy of the X-ray when an incident
X-ray strikes the detector. The charge pulse is altered to a voltage pulse by a charge-sensitive
preamplifier. The signal is sent to a multichannel analyzer where the pulses are arranged by
voltage. For each incident X-rays energy determined from the voltage measurement is sent to
a computer for display and further data estimation. To determine the elemental composition of
the specimen volume, the spectrum of X-ray energy versus counts is calculated. In Figure 2.7,
the process of EDS is simply described.

Sample

X-ray . Detector

¢

Amplifier and
Multi-channel analyser

Figure 2.7 Schematic illustration of EDS
224 ZEM-3

Thermopower measuring device (ULVAC ZEM-3) was implemented in a helium
atmosphere to measure the electrical properties. The diagram of ZEM-3 is showed in Figure
2.8. To characterized the electrical resistivity, p, the standard four probe technique with a

consistent current is used. The equation of the electrical resistivity is:

P — Vsample R A%ample
sample V ref L

sample

(2.2)

ref
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where Vsample is the voltage within the two probes positioned on the specimen, Vet is the
voltage dropped through the standard resistor, Rre is a standard resistor together with the
apparatus, Asample 1S the specimen cross section, and Lsample IS the length separating two
thermocouples on the specimen. The Seebeck coefficient (S) is given by the subsequent
equation:

Vv,

S = sample

= 23
T, T, @3

where, T and T are the absolute temperatures measured at two points from Vsampie Was
measured. The average value of three measured temperature gradients AT of 20, 30, and 40 K

among two blocks at temperature T measured as the results value.
Heating Furnace

Thermocouple

[aV]

Lower Block

I"--

Figure 2.8 Schematic illustrating of ZEM-3 for measuring electrical properties

2.2.5 Laser Flash

With the distribution of temperature changing, there is a trouble that heat transfer is
short. Thermal diffusivity is a concept that the fundamental quantity makes the entrance into
the heat transfer situation that is unsteady. There is a formula with the relation to the steady-
state thermal conductivity.

k=dCD (2.4)
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where D is the thermal diffusivity, C the specific heat and d the sample density. In this
equation, it can be found that D, thermal diffusivity, can help to compute k (thermal
conductivity). To obtain the value of D, the experiment has to use a laser flash in Netzsch
LFA457 instrument. In addition, D is to judge the speed of the body changing temperature. For
the purpose of measure a material’s thermal diffusivity, it is demanded to heat single side of
the specimen and to measure the temperature trend of the other side.

It needs a period of time to heat the sample and increase temperature on the rear surface.
This time is useful to determine the through-plane diffusivity and calculate the through-plane
thermal conductivity under the given density and specific heat. Figure 2.9 makes a particular
explanation of the through-plane measurement.

Sample

T, \ eat flux
N /H N

-~

>

Laser . Back-surface

energy IR radiation
I >

>

Figure 2.9 Schematic illustration of through-plane measurement

The experiment takes a disk as a sample which is 12.7 mm in diameter, a standard one,
and has a thickness range within Imm to 3 mm. The Netzsch LFA457 Laser Flash system
makes the disk aligned in a tantalum tube furnace, namely the position between a neodymium
glass laser and an indium antimonite (InSb) IR detector. If a thermocouple touches the disk, it
will control the disk as well as its surroundings when temperature changes within the range of
300K to 1273K. When there is a stable state on the condition that the specimen reaches to the
expected temperature, the laser, within a few minutes, shoots several times over a span, and, at
the same time, an instrument records relative data of individually laser "shot". The laser beam
shoots energy which the front surface of the specimen assimilates, thus, a heat pulse goes over
specimen thickness. In addition, the increase of temperature is next to nothing. The temperature
is in the most ideal range, which is beneficial from changeable filters between the furnace and

the laser. It can be found that the back surface of the specimen is focused by a lens onto the

40



detector. Besides, there is an amplified trend of the temperature increase signal vs. time, which
is logged by a high speed AID converter. It provides an illustration of a temperature rise curve

in practice in Figure 2.10.

The equipment is completely automated so that it can command systems. Moreover, it
also records, analyzes and reports thermal diffusivity and specific heat, calculating thermal
conductivity. Before test, a graphite film is utilized to cover the sample without a naturally
high value of emissivity or absorptivity. As a result, graphite enhances not only the energy that
the laser side absorbs but also the temperature of the sample backside.

IR
detector

. __-Lens

R — T

radiation ﬁ

Graphite
sample
holder

Sample Furnace

Fliter

Figure 2.10 Schematic illustration of laser flash instrument

If the primary temperature dissemination inside a thermally insulated solid of uniform
thickness L is T(x, 0), the temperature circulation at any future time t is given as subsequent,

where « is the thermal diffusivity.

—n?z2al nzx cL

1t 28
T(x,t)=t_[0T(x,O)dx+InZ_;exp( T jcos - fo

T(x,0) cosn—fxdx (2.5)

If a pulse of radiant energy Q is promptly and uniformly absorbed in the small depth g

at the front surface x = 0 of a thermally insulated solid of uniform thickness L, the temperature
distribution at that moment is given by T(X0)=Q/DCg for 0<x<g gpg T(X0)=0 fqo

9 <X<L With this primary condition, equation (2.7) can be drafted.
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Tt = {sz x sin nng/L)exp{ n’z’al H 26)

nzg /L L*

As g is a very small amount for opaque materials, it follows that sin(nzg /L) =~ nzg /L.

At the rear surface where x = L, the temperature antiquity can be written by equation (2.7).

T(Lt)= DC

QpL[1+ 2;::(-1)” exp(—nzzalﬂ 2.7)

Two dimensionless factors, w and V can be clear as next interactions, where Ty denotes

the highest temperature at the rear surface.
V(Lt)=T(L,t)/T, (2.8)
w=r’al/L? (2.9)

The combination of (2.7), (2.8), and (2.9) produces the equation (2.10).

V =1+ 22(—1)n exp(— nza)) (2.10)

n=1

Equation (2.10) is outline in Figure 2.11. From equation (2.10) and Figure 2.11, thermal
diffusivity « is realized: when w is equivalent to 1.38, V is equivalent to 0.5 and the following

correlation is attained.
= (13812 /2%, ) (2.11)

The parameter ty is the time requisite for the back surface to reach half of the maximum

temperature increase.

Without attempting a rigorous analysis, an effective temperature Te is picked as the time
average of the mean of the front and back surface reaches one-half of its maximum value. The
dimensionless parameter V(L,t) at the rear surface was given by equation (2.12). The
dimensionless parameter V(0,t) at the front surface obtained in a similar manner is given by the

following.
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V(0,t) =1+ 2§:exp(—n2w) (2.12)

n=1

The mean value of V(L,t) and V(0,t) is

MZV(L"[):pr 2iexp(—4n2w) (2.13)

n=1

and the effective value of V is expressed as equation (2.15).

V, =1+ I l'ZZ“exp( —4n’w)dw

@y

-1 iiz(l exp(~4n? x1.38)) (2.14)
4(1 38)|&In
=16
Finally, the effective temperature is given by
T, =V.T,, =1.6T,, (2.15)
H
7 , i
: : .
|- »
l t.; Time (ms)

Figure 2.11 Dimensionless plot of rear surface temperature history
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CHAPTER I

Thermoelectric Properties of p-Type Si/CrSiz Eutectic Alloy
Fabricated by Melt-Spinning Technique

3.1 Introduction

Silicon (Si)-based materials are successful examples of the enhancement of the
thermoelectric Silicon (Si)-based materials are successful examples of the enhancement of the
thermoelectric performance by nanostructuring [1-6]. Bulk Si crystals have a poor ZT for
practical use because of their high x values of more than 100 W/mK at room temperature,

despite their favorable S and p values [7].

Recent papers have reported a dramatic reduction in the thermal conductivity, «,
together with high figure of merit, ZT, by nanostructuring in low-dimensional systems such as
Si nanowires [8-10] and Si thin films with nanoholes [11,12]. In bulk materials, the Si
nanocrystals [13-15] that are formed by powder metallurgical methods have been reported to
have a thermal conductivity of approximately 10 W/mK at room temperature and a relatively
high ZT of approximately 0.7 at temperatures of ~1,200 K. However, this type of Si
nanoparticle processing leads to oxide formation, the segregation of impurities and amorphous
areas at the grain boundaries. These factors tend to reduce the carrier mobility with a decrease
in grain size, leading to a poor thermoelectric power factor (=S%p). Additionally these sample
fabrication requires complex procedure and much labor such as the long ball milling time. It is
hypothesized that self-assembled nanostructures avoid these problems because the naturally
formed interface tends to be relatively clean and smooth. Nanocrystalline composites of Si and
silicide are known to self-form from amorphous thin films composed of Si and a metallic
element, and a low thermal conductivity of 2.2 W/mK has been reported [16] in a molybdenum
(Mo)-Si nanocrystal. However, a bulk Si-based nanomaterial self-assembly process has not
been reported to date. We focused on the Si-chromium (Cr) system, which has a typical eutectic
point between Si and chromium disilicide (CrSi), as shown in the phase diagram [17] in Fig.
3.1. CrSiy is a p-type degenerate semiconductor that has attracted attention as a prospective
thermoelectric material for many years [18-20]. The p-type doping of CrSi2 has been reported

to achieve higher performance than n-type doping due to the high anisotropy of the resulting
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electrical conductivity [21] and its thermal stability in air below 1,050 K, making it a promising
candidate for high-temperature applications [22]. The Seebeck coefficient and the electrical
conductivity of nanocomposite thin films of CrSi, and Si have been reported [23,24], but

carrier-doping into the Si phase has not been conducted.

In this work, an approach for the fabrication of Si-based nanostructured bulk materials
is described that is based on a self-assembly process from melting alloys. Generally, eutectic
alloys are fine microstructured composites that are self-assembled directly from a melt with
some structural regularity. Their feature size decreases with an increase in the growth rate with
a minimum undercooling condition [25]. To reduce the size of the eutectic microstructure to
the nanometer scale, a rapid solidification technique is applied to a eutectic system of Si and

metal silicide.
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Figure 3.1 Binary phase diagram of the Si-Cr system (Si-rich side only)

3.2  Experimental Procedures

The melt spinning method is used with a cooling rate that exceeds 10° K/s [26], and the
cooling rate increases with the wheel rolling speed. Master ingots with a nominal composition
of Cr14.9(Si1xBx)ss.1 were first prepared by arc melting (AM) in an argon (Ar) atmosphere from
high-purity semiconductor-grade Si (99.999999999%), Cr (99.9%), and boron (B) (99.9%).
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The mass loss rates were less than 0.1% throughout the arc melting process. A portion of the
obtained arc-melted sample was melted by induction heating in a hexagonal boron nitride (h-
BN) tube with a 0.6 mm diameter nozzle to prevent reactions between the sample and the
nozzle. Melt spinning (MS) was performed with the melted sample ejected under an Ar
atmosphere at a pressure of 20 kPa onto a copper (Cu) single-roll system that was operated at
wheel linear speeds of 10 m/s to 52 m/s. The MS ribbon fabricated at the speed of 52 m/s was
annealed at 723 K for 72 h for evaluation of the structure stability.

The samples were characterized by powder x-ray diffraction (XRD) analysis using an
x-ray diffractometer (Ultima IV, Rigaku Co.) with Cu Ka radiation and secondary electron
images using a field-emission scanning electron microscope (FE-SEM, JEOL JSM-6500F) and
attached energy dispersive X-ray (EDX) analysis. The thermoelectric properties along the
longitudinal direction of the ribbons, i.e., perpendicular to the direction of the eutectic growth,
were measured. The electrical resistivity (p) and Seebeck coefficient (S) of the samples were
determined simultaneously in a He atmosphere at temperatures ranging from room temperature
to 773 K by a four-point technique and a static direct-current method using a ZEM-3 instrument
system (ULVAC-RIKO, Inc.) with a test holder for ribbon measurement in the in-plane
direction. The sample was attached to test holder and mounted between the electrodes. The
upper electrode serve as a heating element. A platinum (Pt) foil is positioned to electrically
connect the electrodes with the sample’s surface. Two ceramics hex nuts were used to tighten
the foil to the base and Silver (Ag) paste was used to contact the foils with the sample. The test
holder base was made of Alumina and does not influenced with the electrical measurements,
and the electrical contacts were established only between the electrodes and the sample. A
schematic representation of the system with the test holder is shown in Fig 3.2. For the
determination of p, a cross-section of the sample was evaluated using the mass, the density,
and the length of the sample. The sample density was estimated from the volume fraction of Si
and CrSiz phases. The densities of each phase were assumed to Si: 2.33 g/cm3, CrSi,: 4.98
g/cm3. The effect of B on the densities was neglected. The thermal diffusivity was collected
with an AC calorimetric method [27] using a LaserPIT (ULVAC-RIKO, Inc.) system at room
temperature. The heat capacity, Cp, was obtained from previously reported values for Si [28]
and CrSiz [19]. In this experiment, the contact surface were probed for electrical properties and
thermal diffusivity measurement. Typically, one sample was selected from the ribbons and
measured several times repeatedly. The uniformity of sample thickness was confirmed by SEM

observation.
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Figure 3.2 Schematic view of the sample inside the ZEM-3 measurement system

3.3 Results and Discussion

Figure 3.3 Scanning electron micrograph of the Cri4.9(Sio.99Bo.01)ss.1 alloy prepared by arc
melting (AM)

Our preliminary studies indicate that the eutectic composition is Cri4.9Sigs.1, although
values from 12-18 Cr at.% have been reported [29-31]. The Cr14.9(Si0.99B0.01)ss.1 alloy prepared
by arc melting had a fine eutectic structure with a typical grain size of ~1 um, as the scanning
electron microscope (SEM) image shows in Fig. 3.3. Except for the black holes, EDX analysis
indicates that the white areas in the SEM image correspond to CrSiz and the gray areas to Si.
B was not detected due to the low fraction and small atomic number. The volume fraction of
Si was estimated by image analysis method using SEM image. The estimated value is 67%,
which agrees with the calculated fraction from the molar ratio and densities (Si: 2.33 g/cm®,
CrSiy: 4.98 glcm?).
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Fig. 4 shows the powder XRD patterns of the Cri4.9(Sio.99Bo.01)ss.1 bulk sample prepared
by arc melting and ribbon samples prepared by melt spinning. The powder XRD pattern
confirms that the melt-spun sample is a two-phase alloy consisting of Si and CrSi> while the
arc-melted sample contains a small amount of chromium diboride (CrBy). A few small peaks
corresponding to CrSiz [32] were observed in addition to a peak for Si [33], indicating that
composites composed of Si and CrSi, were successfully formed. The peaks of the melt-spun
sample were significantly broader than those of the arc-melted alloy. The broad XRD peaks
represent a small crystallite size or strain in the grain for the eutectic Si-CrSi, sample.
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Figure 3.4 Scanning electron micrograph of the Cr14.9(Sio.00Bo.01)s5.1 alloy prepared by arc
melting (AM)

The melt-spun samples have a long ribbon-like shape with a thickness of 1-40 um,
which decreases with an increase in the roll speed, and a width of 1-3 mm was obtained, as
shown in Fig. 3.5 (a). Fig. 5 (b)—(h) show SEM images of the Cr14.9(Sio.99Bo.01)ss.1 sample that
was melt-spun at 52 m/s. The images were obtained at a fracture cross-section that was
perpendicular to the longitudinal direction of the ribbon, as shown in Fig. 3.5 (b), 3.5 (c), and
3.5 (d), on a polished plane parallel to the ribbon surface, as shown in Fig. 3.5 (e) and 3.5 (f),
and surface after a post-annealing treatment (723 K, 72 h) as shown in Fig. 3.5 (g) and 3.5 (h).
The side of the ribbon that contacts the copper roller is defined as the contact surface, and the

other side is defined as the free surface. The cross-section image shows a stripe pattern that

49



represents alternating layers of the CrSi> and Si phases that occupy approximately 90% of the
sample that is near the free surface in Fig. 3.5 (c), while the neighborhood of the contact surface
has a more complicated structure of randomly oriented short CrSi> rods in a Si matrix in Fig.
3.5 (d). Images of the plane parallel to the surfaces show maze-like patterns of CrSi> strips in
the Si matrix, with a remarkably fine and uniform spacing of approximately 30 nm.

100 nm 100 nm
— 1 —

Figure 3.5 Scanning electron micrograph of the Cri4.9(Sio.99Bo.01)ss.1 alloy prepared by arc
melting (AM)

These images show that most of the melt-spun sample is composed of a well-organized
lamellar structure aligned vertically to the ribbon surface, indicating the occurrence of
unidirectional solidification from the contact surface to the free surface of the ribbon. The
lamella spacing observed in the sample prepared at the highest speed of 52 m/s is 20-35 nm,
corresponding to a Si-layer thickness of 12—20 nm, which increases with the depth from the
contact surface. It is noted that the lamellar structure has high stability upon solidification, so
that no transition to an amorphous phase occurs, as has frequently been observed in melt-spun
eutectic alloys. The average eutectic spacing of the samples increases with a decrease in the
wheel speed. In a sample melt-spun at less than 10 m/s, virtually no aligned lamellar structure
can be observed; instead, a micrometer-sized structure with disordered interfaces is dominant.
The structure is shown in Fig. 3.5 (g) and 5 (h), does not change after the post-annealing

treatment (723 K, 72 h). Therefore, the structure appears to be stable at the condition.

The temperature dependences of p, S and the power factor of the sample that was melt-
spun at 52 m/s are plotted in Fig. 3.6. For comparison, measurements of bulk samples prepared

by the arc melting of Cr(Sio.99Bo.o1)2, SieeB and eutectic Cri4.9(Sio.99Bo.o1)ss.1 alloy are also

50



plotted. The arc-melted sample has a relatively high thermoelectric power factor (=5%/p) of 2.0
mW/mK? with a positive Seebeck coefficient at room temperature, which is much higher than
the reported value for a CrSi, bulk material of approximately 1.5 mW/mK?2. The resistivity of
the melt-spun sample at room temperature is 4.4 pQm as shown in Fig. 3.6 (a), which contrasts
with the expectation that the resistivity of nanostructured materials is larger than that of bulk
materials because of carrier scattering at the grain boundary. Considering the simultaneous
decrease in S as shown in Fig. 3.6 (b), this low resistivity can be explained by an increase in
the carrier concentration. In view of the disappearance of CrB; peaks in the XRD pattern of
melt-spun sample, we speculate that the increase of carrier concentration caused oversaturation
of B in the Si and CrSi; phases. Broadness of the XRD peaks is almost same, which correspond
to the fact that the structure does not change by the annealing. It is confirmed by SEM
observation. CrB; phase was not detected in the annealed sample. However, the electrical
resistivity and Seebeck coefficient increased, indicating the carrier concentration decreased by

the annealing. It may be caused by a decrease of solute B amount.
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Figure 3.6 Temperature-dependent (a) electrical resistivity, (b) Seebeck coefficient, and (c)
power factor of the melt-spun and the arc-melted Cri4.9(Sio.09Bo.01)s5.1 eutectic alloy, SiggB
and CrSi»
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The power factor of the melt-spun sample is 1.2 mW/mK? at room temperature as
shown in Fig. 3.6 (c), which is lower than that of the bulk sample. However, the temperature
dependence is positively opposite to that of the bulk sample, the value increased with increasing
the temperature and reached 3.0 mW/mK? at 773 K. The power factor is relatively large as a
Si-based nanostructured material. Generally the nanostructuring decreases the power factor
due to the increased carrier scattering by grain boundary and segregation. The high power
factor of the melt-spun sample can be explained by the better optimized carrier concentration
and/or the weak carrier scattering at interface between the Si and CrSi, phases. The interfaces
naturally formed by phase separation, hence appear to keep clean for the samples. Such

desirable structure can be achieved by this fabrication technique.

Table 3.1 summarizes the power factor, x, and figure of merit, ZT, at room temperature
for the arc-melted sample and the sample melt-spun at 52 m/s. The thermal conductivity of arc-
melted alloy was found to be 34 W/mK at room temperature, which is reasonable for a
compound consisting of heavily doped Si with a thermal conductivity of ~50 W/mK and CrSi;
with a thermal conductivity of ~10 W/mK, considering that the volume fraction of the Si phase
IS 67% in the alloy. In the melt-spun samples, x decreases significantly and the value is 12
W/mK, which is 1/3 that of the arc-melted sample with the same composition. The « still
maintaining at the value of 12 W/mK after the post-annealing treatment. It is noted that the
melt-spun sample at 10 m/s exhibits approximately the same « as the arc-melted sample. The
result suggests that the reduction in « is caused by the phonon scattering at grain boundary and
interface, depending on the grain size and the cooling rate. The reduction in power factor at
room temperature is relatively small as shown in Fig. 3.6 (c), on the contrary, increases at high
temperature. These results indicates that the nanostructuring using the rapid solidification of a
melt with a eutectic composition is a promising method to improve the thermoelectric
performance, which achieve strong reduction in thermal conductivity while maintaining the

power factor.

Table 3.1 Seebeck coefficient (S), electrical resistivity (p), thermal conductivity (), power
factor (PF), and figure of merit (ZT) for the Cr14.9(Sio.00Bo.01)ss.1 prepared by arc melting
(AM) and melt spinning (MS)

. S p K PF
Preparation method (WV/K) (uQm) (W/mK) (MW/mK?) zZT
: 148 (300 K)  11.2 (300 K) 2.0 (300 K)
Arc melting 163 (773K)  16.7 (773 K) 34 (300 K) 16 (773 K) 0.017 (300 K)
71 (300 K) 4.4 (300 K) 1.2 (300 K)
MS at 52 m/s 101 (773 K) 3.4 (773 K) 12 (300 K) 3.0 (773 K) 0.030 (300 K)
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The decrease in « directly enhances the ZT, and the value of 0.03 obtained at room
temperature is high for a Si-based bulk nanomaterial without Ge. The best ZT at room
temperature reported for bulk nanocrystalline Si has been 0.023 [13]. Considering the
temperature dependence of thermal conductivity of bulk Si [13] and CrSi> [19], which
monotonically decreases with increasing temperature up to 800 K, the ZT value is expected to

increase with temperature according to the temperature dependence of the power factor.

Densification of the ribbon sample without the microstructure change should be
considered for thermoelectric energy conversion applications. Rapid and low-temperature

sintering technique, such as a spark plasma sintering method [34], is required.

3.4 Conclusion

Using the melt spinning, Si/CrSiz eutectic alloys form an unprecedented fine lamellar
structure that is aligned in a vertical manner to the ribbon surface with a spacing range of 20—
35 nm. It is demonstrated that the thermal conductivity can be reduced to 1/3 of that of the bulk
eutectic alloy of the same composition, thus increasing ZT. The power factor does not decrease
but rather increases significantly at higher temperatures. The obtained ZT value is 0.03 at room
temperature and is estimated to increase at higher temperature. The effect of inhomogeneity
inside the sample was difficult to evaluate. It requires further studies. This study thus
demonstrates the utility of a rapid solidification technique for application to Si-based eutectic

alloys for the fabrication of high-performance thermoelectric materials.
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CHAPTER IV

Thermoelectric Properties of n-Type Si/CrMnSiz Eutectic Alloy
Fabricated by Melt-Spinning and Spark Plasma Sintering

Technique

4.1 Introduction

Previously, we have synthesized nanometer-sized Si-chromium disilicide (CrSi2)
composite using melt-spinning (MS) method only [1]. The composition was set to the eutectic
one. Using both the natural phase separation at eutectic composition and liquid quenching by
MS, very fine structure was obtained. Although the p-type Si/CrSi, nano-eutectic TE materials
has been successfully fabricated, it is necessary to densify and combine p-type and n-type with
similar material systems for good TE modules [2]. To maximize the conversion efficiency, the
TE compatibility factor value, s = |(1+ZT)%*-1|/(ST), of the p-type and n-type materials should
be similar within the operating temperature range. The compatibility factor should not change
by more than a factor of two [3,4]. In the Si-CrSi> composite, Si can be easily converted to n-
type by doping with phosphorous (P). On the other hand, pure CrSi: is a p-type degenerated
semiconductor [5], difficult to convert the conduction type. It is reported that when manganese
(Mn) atoms are introduced in the CrSi crystal, Mn becomes a donor and decreases the hole
concentration [6]. In fact, n-type conduction has been reported by substitution of Cr atom with
Mn composition of 12 at%, 14 at% and 18 at% [7].

In this study, firstly we prepared CrixMnySi> samples of three different compositions
to determine appropriate Cr/Mn ratio for n-type materials. Next, we prepared composites of P-
doped (Cro.sMno.2)ySi1oo-y With different compositions in order to determine the correct eutectic
composition. The reported eutectic composition for Si-Cr system differs in the rage of 12-18
Cr % [8-10]. Finally, we fabricated the nano-eutectic n-type Si-CrosMno2Si> TE materials
using MS technique. The melt-spun sample was consequently sintered by spark plasma
sintering (SPS). The TE properties of the composites bulk samples were measured, and effects
of the fabrication processes on the TE properties were examined.
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4.2  Experimental Procedures

As starting materials, high-purity semiconductor-grade Si, P (6N), Cr (3N), and Mn
(3N) were used to prepare a master ingot with a nominal composition of Cr1.xMnySi> (x = 0.15,
0.20, 0.25) and (Cro.8sMno.2)y(Sio0.99P0.01)100-y (y = 15.5, 16.0, 16.5) by arc melting (AM) under
an argon (Ar) atmosphere. The obtained arc-melted ingot was melted in a hexagonal boron
nitride (h-BN) tube with a 0.6 mm diameter nozzle by induction heating. The MS technique
was used with the melted ingot ejected under an Ar atmosphere of 10 kPa onto a copper roller
that was operated at a wheel linear speed of 2000 RPM and 4000 RPM. The obtained ribbon
samples are represented as MS2000 and MS4000, where the number indicates the rotation
speed of the roller. Subsequently, MS4000 ribbons were pulverized in a tungsten carbide
mortar and the obtained powder was placed into a graphite die for SPS. The sintering was
conducted in Ar flow at 1173 K for 3 min under axial pressure of 100 MPa. The bulk sample
is denoted as MS4000-SPS. A sample with same composition and same SPS conditions was

prepared by AM and SPS to compare the morphology, represented as AM-SPS.

The samples were characterized by powder X-ray diffraction (XRD) analysis using an
X-ray diffractometer (Ultima IV, Rigaku Co.) with Cu Ko radiation. The lattice parameters of
Cr1xMnySi phase were calculated from the observed XRD peak positions based on Cohen’s
method [11]. The microstructure of the sample was observed using a field-emission scanning
electron microscope (FE-SEM, JEOL JSM-6500F) and energy dispersive X-ray spectrometry
(EDX). The thermoelectric properties along the longitudinal direction of the ribbons, i.e.,
perpendicular to the direction of the eutectic growth, were measured. The electrical resistivity
(p) and Seebeck coefficient (S) of the samples were determined simultaneously in a He
atmosphere at temperatures ranging from room temperature to 773 K by a four-point technique
and a static direct-current method using a ZEM-3 instrument system (ULVAC-RIKO, Inc.).

For the determination of p, a cross-section of the ribbon sample was estimated using
the mass, the density, and the length of the sample. The sample setting is previously reported
in details [12].The thermal diffusivity, a, for the MS4000 ribbon samples was collected with
an AC calorimetric method using a LaserPIT (ULVAC-RIKO, Inc.) at room temperature. 7
ribbon samples were examined. For AM-SPS and MS4000-SPS bulk samples, the thermal
diffusivity was measured by laser flash method (Netzsch LFA-457) from room temperature to

773 K. The specific heat capacity, Cp, for CrosMno.2Si2 sample was measured by differential

58



scanning calorimetry (DSC, Netzsch STA449C Jupiter). Cp for Si-CrggMno2Si> composite
samples was calculated using the measured Cp of CrosMno.2Si2 and reported Cp of Si [13].
The thermal conductivity, x, was determined using a formula of x = a Cp d, where d is a sample
density. The temperature dependence of the sample density and effect of small amount of P

element on Cp were not considered.

4.3 Results and discussion

4.3.1 Conversion of CrSi2 to n-type by Mn substitution

We have fabricated Cr1.xMnySi> ingots by arc melting. Fig. 4.1 shows the XRD patterns
for CrixMnySiz (x =0.15, 0.20, 0.25) samples. The XRD peaks of hexagonal CrSi»-phase were
observed mainly in all the samples, while the peak of MnSi1.74 was detected in sample with x
= 0.25. A single-phase CrSi>-MnSi. solid solution was obtained in x = 0.15 and 0.20. In the
sample of x = 0.25, the Mn did not completely dissolve in CrSi, phase and generate MnSi 74.

Other impurity phase such as pure Si phase is not detected by the XRD analysis.
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Figure 4.1 Powder XRD pattern of Cr1.xMnxSi2 (x = 0.15, 0.20, 0.25) samples
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Fig. 4.2 shows the lattice parameter of CrSi2 phase in the three samples, calculated from
the observed XRD peaks in Fig. 4.1. The reported lattice parameter of CrSi; is 4.428 A [7,14],
agrees well with the present result. As shown in the figure, the lattice parameter proportionally
decreases with Mn content up to x = 0.20, indicating Mn is completely solved in CrSi, phase.
The solid solubility limit of Mn has been studied by Nishida et al. [7], reported to x = 0.225 for
Cr1xMnySiz. From the results of XRD analysis and lattice parameter in the present study, the
solid solubility limit of Mn is considered to lie between x = 0.20 and x = 0.25, which is

corresponding to the previous result.
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Figure 4.2 Relationship between proportion of Mn and lattice parameter

The temperature dependence of Seebeck coefficient and electrical resistivity for Cr;.
xMnySiz (x = 0.15, 0.20, 0.25) samples are shown in Fig. 4.3. For all the samples, the Seebeck
coefficient is negative from room temperature to approximately 500 K, showing n-type
conduction under the temperature. However, the sign changes to positive as the temperature
rises. Pure CrSi> is known to be a degenerated p-type semiconductor [15]. Theoretically, the

Seebeck coefficient, under mixed contribution of electrons and holes is defined as [16,17]:

_ Shah - Seae (4 1)
oy + o, '
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where gepn the conductivity and Sep the Seebeck coefficient (with the subscripts e and
h referring to electrons and holes, respectively). At room temperature, electrons are the
majority carriers and holes are the minority carriers inside the sample. As the temperature
increase, thermal carrier excitation occurs and hole conduction become dominant in the sample
due to the higher carrier mobility of holes than electrons [7]. When Mn content increased, the
n-to-p transition temperature is slightly shifted to higher side. The temperature dependence
qualitatively agrees with the previous result [7]. However, the different results obtained for the
Seebeck coefficient and electrical resistivity as reported [7] may be due to the difference in
sample’s synthesize technique which lead to some of the Mn-atoms vaporizing during the
process of the arc-melting, hot-pressing and annealing. This may reduce the electron carrier
concentration, which cause the n-to-p transition temperature shifted to lower side and
correspond to the electrical resistivity and Seebeck coefficients behavior.
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Figure 4.3 Temperature dependence of (a) Seebeck coefficient and (b) electrical resistivity
for Crix-MnySiz (x = 0.15, 0.20, 0.25) samples

Looking at each composition, the absolute value of the Seebeck coefficient shows a
lower value for samples with x = 0.25 compared to x = 0.15, 0.20. This is thought to be due to
the MnSii7s impurity phase which is known as p-type semiconductor. Existence of the
impurity phase is supported from the XRD analysis. In this experiment the difference in
Seebeck coefficient between x = 0.15 and 0.20 samples was hardly to see, differs within the
measurement error range of 7 % for a ZEM-3 equipment. As for electrical resistivity, there is
not so large difference among these three samples. The electrical resistivity has apparently risen

by Mn addition from 0.6 mQcm for non-doped CrSi. at room temperature [7]. This is caused
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by reduction of the hole carrier concentration and lower electron carrier mobility. The electrical
resistivity of all samples decline as temperature increase, which is the typical semiconductor
behavior with nondegenerate characteristics. From these results, we determine to use the
composition of CrogoMno.20Siz2 as n-type silicide phase for Si-silicide eutectic sample described

later.

4.3.2 Determination of eutectic composition and microstructure

In order to determine a correct eutectic composition, we prepared P-doped
(CrosMno.2)ySiioo-y Samples of three different compositions with y = 15.5, 16.0, and 16.5. Fig.
4.4 shows the XRD patterns. The strong diffraction peaks corresponding to CrSi, and Si phases
are observed, indicating that the arc-melted samples mainly compose of the two phases.
Meanwhile, weak peaks of MnSi1.74 phase are also observed for all the samples in spite that
the Mn content is less than the solubility limit as mentioned. Coexistence with the Si-phase

may affect the stability of MnSi174 phase, but the details are unclear.
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Figure 4.4 Powder XRD pattern of P-doped (Cro.sMno.2)ySi1o0y (y = 15.5, 16.0, 16.5) arc-
melted samples
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To identify the atomic distribution in the sample, EDX analysis was carried out and the
images are shown in Fig. 4.5. The Si and (Cr,Mn)Si. phases are clearly separated. There is no
deviation of Cr and Mn distribution in the silicide phase. Homogeneous silicide phase is
obtained. SEM images in Fig. 4.6 show the microstructure of P-doped (CrosMno.2)ySioo0-y (Y =
15.5, 16.0, 16.5) melt-spun samples. They have a fine lamellar structure. The white areas in the
SEM images correspond to CrSi» phase and the grey areas to Si phase as shown in Fig. 4.5 (a).
The lamellar structure is mainly observed for all the samples, however, relatively large grains
of the Si phase are seen at y = 15.5 sample, similarly large petal-shape CrSi. phase grains are
seen at y = 16.5 sample. Aty = 16.0 sample there is no large grain, well-organized lamellar
structure forms in almost all area. Thus, the eutectic composition for this system is determined

toy =16.0 in (CrosMno.2)ySi1oo-y.

Figure 4.5 Surface image of arc-melted sample: (a) SEM image and EDX mapping images of

(b) Si, (c) Cr, and (d) Mn, respectively. The white scale bars represent 10 um
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Figure 4.6 Scanning electron micrograph of the P-doped (Cro.sMno.2)ySi1o0-y (y = 15.5, 16.0,
16.5) melt-spun samples

4.3.3 Fabrication and characterization of n-type P-doped Si/Cro.soMno.20Si2

According to the previous results, we fabricated (CrosMno.2)16(Sio.99Po.01)ss eutectic
samples. High density bulk samples were prepared by SPS using the powders synthesized by
arc-melting and melt-spinning techniques. The relative density is 95% of theoretical density
for AM-SPS and 97% for MS-SPS. Fig. 4.7 shows XRD patterns for the ribbon and SPS

samples. The peaks of MnSi174 phase were observed in all of the samples in addition to the
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peaks of Si and CrSi» phases. For the MS4000 and MS4000-SPS samples, the MnSi1.74 peaks
were scarcely observed, which indicates that the high cooling rate suppressed nucleation of the
MnSiy74 phase. In any case, the MnSi1 74 peaks are very weak, hence the effects on the TE
properties can be neglected. It is notable that the peak width of the XRD pattern is obviously
broadened in the MS2000 and MS4000 samples as compared with the AM-SPS sample. It
indicates that melt-spinning technique forms the very fine microstructure. SPS for MS4000

ribbon sharpen the XRD peaks, indicating grain growth occurred in the sample.
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Figure 4.7 Powder XRD pattern of P-doped (Cro.sMno.2)16Siss Samples

In the SEM images of Figure 4.8, it is found that the MS2000, MS4000, and the
MS4000-SPS samples, which were subjected to melt-spinning, have finer microstructure than
of the comparative AM-SPS sample. Quantitatively looking at the eutectic intervals, AM-SPS
is 1~2 um while MS2000, MS4000 and MS4000-SPS are 70~130 nm, 20~40 nm, 100~200 nm
respectively from their images. MS4000 sample has a finer structure than MS2000 sample
because of the faster cooling rate. Marked grain growth was observed in MS4000-SPS, it is
corresponding to the change in XRD peak width. Although grain growth occurred during the
sintering, the microstructure of MS4000-SPS sample was successfully refined by about 1/10
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than AM-SPS sample. The volume fraction of each phase for SPS sample was estimated by
SEM image analysis. The estimated volume fraction of Si phase is 64%, which agrees with the
calculated fraction from the molar ratio and density of each phase (Si: 2.33 g/cm?,
CrosMno2Siz: 5.00 g/cm?).

(a) AM-SPS

I pm

(b) MS2000

1 pm

1 pm 100 nm

(d) MS4000-SPS

v Tk
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Figure 4.8 Scanning electron micrograph of the P-doped (CrogMno.2)16Siss Samples (a)
AM-SPS, (b) MS2000, (c) MS4000, and (d) MS4000-SPS
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Figure 4.9 shows the temperature dependence of Seebeck coefficient, electrical
resistivity, and power factor for AM-SPS, MS4000 and MS4000-SPS samples. The sign of the
Seebeck coefficient was negative for all the samples and in the measured temperature range.
The n-type nano-eutectic composite samples could be obtained as intended. The absolute
Seebeck value of MS4000-SPS is about 110~140 puV/K, the highest among the three samples.
By comparing MS4000 with MS4000-SPS samples, MS4000 sample has lower Seebeck value
and higher electrical resistivity. It may be explained by difference in density of interface
between Si and silicide phases. The interfacial states provide electronic carriers, and the
interfacial barrier potentials scatters the carriers. Because the MS samples have very high
interface density, the carrier concentration and scattering rate are high, consequently they show
lower Seebeck coefficient value and higher electrical resistivity. MS4000 sample shows the
lowest power factor, the result indicates that the excessive-high interface density is not

preferable for thermoelectric performance.
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Figure 4.9 Temperature dependence of (a) Seebeck coefficient, (b) electrical resistivity, (c)
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Regarding the temperature dependence, the absolute Seebeck coefficient decreases
around 500 K. It is not seen for doped Si phase, hence that temperature dependence is caused
by thermal carrier excitation in the (Cr,Mn)Si> phase as seen in Figure 4.3. The temperature
dependence of MS4000 sample is complex, begin to decrease around 400 K and then increase
around 650 K. The behaviour is difficult to explain. Carrier excitation from the interfacial states
may affect the temperature dependence. Room temperature values of the Hall carrier
concentration (nH) and Hall mobility (uH) of the bulk samples are shown in Table 4.1. The nH
of the AM-SPS is lower than MS4000-SPS samples. This might be due to energy states
generated at boundaries. As described, the MS4000-SPS sample had the smallest precipitates
among the samples; thus, the MS4000-SPS sample exhibited the lowest xH values.

Table 4.1. Hall carrier concentration nH (300 K) and Hall mobility 4#H (300 K) of the AM-
SPS and MS4000-SPS samples

Sample Hall carrier concentration Hall mobility

P nH (102 cm™) uH (cm?Vv1s?
AM-SPS 1.36 £ 0.02 306+ 0.3
MS4000-SPS 3.08 £ 0.07 205 £ 05

By comparing AM-SPS with MS4000-SPS of the bulk samples, AM-SPS have slightly
lower Seebeck value. This is considered due to evaporation of a tiny amount of dopant element
of P at the MS process. Observing at the temperature dependence of Seebeck coefficient, both
samples show almost same behaviour. The SPS process for MS sample reduced density of the
interface and the interfacial states accompanied with the grain growth, which change the carrier
concentration and scattering rate. In spite of the similar Seebeck coefficient value, the electrical
resistivity of AM-SPS sample is lower than that for MS-SPS. It is caused by the difference in
the sample density, 95% for AM-SPS and 97% for MS-SPS sample. With the results of Seebeck
coefficient and electrical resistivity, it can be said that the microstructure of MS-SPS sample
does not affect the electrical properties. Among the samples, MS4000-SPS sample shows the
highest power factor of 1.2 mW/mK? around 500 K. The value is higher than those for the n-
type CrSiz and (Cr,Mn)Si,. The power factor is enhanced by combining the silicide with P-
doped Si phase.

The thermal conductivity of MS4000 at room temperature and the temperature
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dependence of the two bulk samples are shown in Figure 4.10. Cp for CrogMng2Si> measured

by DSC is shown together. The fitted curve for Cp is expressed by following equation;
Cp = 0.5321 4+ 8.027 X 107*T — 7.992 x 10~7T2 + 36.02T 2 (J /gK). (2)

The value is used to calculate Cp of the composite samples. Thermal conductivity of
the ribbon samples MS4000 has relatively large variance, caused by non-uniformity of the
sample thickness and structure size. The average value for MS4000 is about 17 W/mK. This
show that the thermal conductivity can be reduced by about 30% compared with AM-SPS
sample. Grain growth occurs MS4000-SPS sample, but the lattice thermal conductivity is
reduced by about 24% compared to AM-SPS. It can be said that the lattice thermal conductivity
was successfully reduced by the eutectic structure, prepared by liquid quenching.
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Figure 4.10 Temperature dependence of specific heat capacity for Cro.gMno.2Si> sample and
thermal conductivity for P-doped (Cro.sMno.2)16Siss Samples. The error bar for MS4000
shows standard deviation from 7 ribbon samples. The open symbols show total thermal

conductivity and filled symbols lattice thermal conductivity

The temperature dependence of ZT in each sample is shown in Figure 4.11. MS4000-
SPS sample shows the highest ZT among other samples in whole temperature range. The ZT
increases with temperature, the maximum value of 0.054 is obtained at 773 K. The value is not
high, however, compared with AM-SPS, we succeeded in improving by about 50% in all
temperature range. By using liquid quenching at the eutectic composition, we succeeded in

improving the ZT by reducing thermal conductivity and maintaining the electrical properties.
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Figure 4.11 Temperature dependence of ZT for P-doped (CrosMno2)16(Si2)ss Sample
4.4  Conclusion

Using the melt-spinning method at the eutectic composition, we successfully fabricated
a ribbon-like lamellar structure n-type Si-(Cr,Mn)Si> composites with a spacing range of 20—
40 nm. The appropriate Cr/Mn ratio and the correct eutectic composition were determined.
Although the size of the morphology change to about 100 nm to 200 nm during sintering
process, a fine nanostructure was obtained in the bulk sample (MS4000-SPS). It is
demonstrated that x were reduced by 20-30% by the structure refinement. The power factor
was reduced in as-cast melt-spun ribbon sample, but it recovered by following sintering
process. As a result, ZT value was improved about 50% compared to arc-melted sample. The
rapid quenching at the eutectic composition is thought to be a promising method to synthesize

fine-microstructure and improve the thermoelectric performance.
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CHAPTERYV

Thermoelectric Properties of n-Type BiSb/InSb Eutectic Alloy
Fabricated by Melt-Spinning and Spark Plasma Sintering

Technique

5.1 Introduction

Both bismuth (Bi) and antimony (Sb) are semimetals from group V metals with a
similar crystal structure of A7 structure (rhombohedral) of R3m space group [1]. Bi1oo-xShx
alloys form a solid solution over the entire composition range because Bi and Sb have similar
chemical properties and lattice parameters [2]. Bi-Sb alloy is a n-type material (typically S = -
100 pVK™ at 300 K) and semiconducting inside the range 0.07 < x < 0.22. The best ZT = 0.33
at 300 K along the trigonal direction was reported for single crystal with 0.09 < x < 0.16 [3-
6]. Nonetheless, the single crystals are mechanically weak, having difficulty in cleaving and
growing, along with slow growth rate [6,7]. Poly-crystalline materials might be suitable but so
far all have been reported to have lower ZT than the single crystals. The performance
degradation is mainly caused by heterogeneity in the Bi/Sb composition inside the sample,
which easily occurs at the cooling process. Hence several preparation methods of melt-
quenching [6], arc melting [8,9], mechanical alloying [14], and rapid solidification with spark
plasma sintering [15] process have been developed in order to enhance the homogeneity and
ZT performance. Nevertheless, conventional water-quenching can not provide sufficient
cooling rate, and oxidation and contamination occur in the material during the mechanical
alloying process. These problems can be prevented in the rapid solidification process such as

melt-spinning (MS) method.

Recently, we have synthesized nanometer-sized semiconductor eutectic composite
using the MS method combined with subsequent spark plasma sintering (SPS) process for Si-
CrSi> semiconductor system [16,17]. Very fine microstructure was obtained using both the
natural phase separation at eutectic composition and liquid quenching by MS. The thermal
conductivity was reduced and ZT was enhanced by the fabrication method. We focused on the

Bi-Sb alloy - indium antimonide (InSb) semimetal system, which has a typical eutectic point
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between Bi-Sb and InSb as shown in the phase diagram in Fig. 5.1. The eutectic phase has a
lower melting point than its components. InSb is a narrow band gap semiconductor with a band
gap of 0.18 eV at room temperature and possesses a high electron mobility [18] and also a high
thermal conductivity [14]. In this work, we prepared the eutectic n-type Bio.gsSho.12/InNSb TE
material using MS technique and consequently sintered by SPS. The TE properties of the
composites samples were measured, and the relationship between TE transport properties and

microstructure was discussed.
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Figure 5.1 Pseudobinary phase diagram of the BiSb—InSb system

5.2 Experimental Procedures

As starting materials, Bi (5N), In (3N) and Sb (3N) were used to prepare a master ingots
with a nominal composition of (Bio.ssSbo.12)e0(INSb)10. The material have been carefully
weighted out with the stoichiometric and loaded in the silica tubes. The silica tubes were sealed
under vacuum using oxygen/hydrogen torch and transferred in the vertical furnace. The silica
tubes have been heated with the melting condition (823K, 5 K/min for 12 hours holding) and
then rapidly quenched by putting the heat treated silica tubes into cold water. The obtained
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quench-melted (QM) ingot was then melted in a silica tube with a 0.6 mm diameter nozzle by
induction heating. The MS technique was used with the melted ingot ejected under an argon
(Ar) atmosphere of 0.1 MPa onto a copper roller that was operated at wheel linear speed of
2000 RPM and 4000 RPM. The obtained ribbon samples are represented as MS2000 MS4000,
where the number indicates the rotation speed of the roller. Subsequently, the QM, MS2000
and MS4000 ribbon sample was pulverized in a tungsten carbide mortar and the obtained power
sample was placed into a graphite die for SPS in Ar flow at 473K for 10 min under axial
pressure of 50 MPa. The forming bulk samples are denoted as MS2000-SPS, and MS4000-
SPS. A sample with same composition and same SPS conditions was prepared by QM and SPS

to compare the morphology, denoted as QM-SPS.

The samples phase identification was characterized by powder X-ray diffraction (XRD)
analysis using an X-ray diffractometer (Ultima 1V, Rigaku Co.) with Cu Ka radiation at room
temperature. The microstructure of all the sample was observed using a field-emission scanning
electron microscope (FE-SEM, JEOL JSM-6500F) and energy dispersive X-ray spectrometry
(EDX). The TE properties of the bulk sample were measured. The p and S of the samples were
determined simultaneously in a He atmosphere at temperatures ranging from 300 K to 773 K
by a four-point technique and a static direct-current method using a ZEM-3 instrument system
(ULVAC-RIKO, Inc.). The x, was determined using a formula of x = « Cp d, where « is the
thermal diffusivity, Cp is the heat capacity, and d is the sample density. The «, was measured by laser
flash method (Netzsch LFA-457) from 300 K to 773 K. Cp = 3nR, where n is the number of
atoms per formula unit and R is the gas constant. d was calculated from the measured weight

and dimensions of the samples.

5.3 Results and discussion

Fig. 5.2 shows the powder XRD patterns for the QM, MS and SPS samples. The powder
XRD pattern confirms that all the patterns were well consistent with those of Bi and InSh. As
shown in the Bi-Sb peaks, a simultaneous shift to higher angle was observed compared with
peaks of pure Bi (JCPDS 01-085-1331). The peak split was not observed. These results confirm
the solid solution formation for the Bi-Sb phase and volume reduction by the Sb addition. The

volume change agrees with the smaller lattice parameters for pure Sh, as shown in Table 5.1.
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Figure 5.2 Powder XRD pattern of (Bio.gsSbo.12)e0(INSb)10 samples

The peak width of the XRD pattern is noticeably broadened in the MS2000 and
MS4000 samples as compared with the other SPS samples, indicating that melt-spinning
technique forms the very fine microstructure. The XRD peaks sharpen for MS2000-SPS and
MS4000-SPS, indicating grain growth occurred in the sintering process. Among the sintered
samples, peaks for QM-SPS sample was broader and shows tailing. It may be caused by the
heterogeneity in the Bi/Sb composition due to the insufficient cooling rate at the fabrication
process. The lattice parameters of Bi-Sb phase calculated from the XRD patterns are shown in
Table 5.1, which lies between the reference values for pure Bi and Sb [20]. The MS-SPS
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samples show smaller lattice parameters than QM-SPS samples. The difference may be
affected by the sample heterogeneity as mentioned above. Relative density was estimated from
the volume fraction and calculated theoretical density of each phase. The volume fraction of
InSb phase is about 18%. The relative densities for composite samples are higher than 97% of

the theoretical values.

Table 5.1. Lattice parameters and densities of (Bio.ssSbo.12)90(INSb)10 and Bio.ssSho.12
samples at room temperature. Lattice parameters for pure Bi and Sb are also shown as
reference.

Lattice parameter

Sample Measured density (g/cm3) Relative density (%)
a(d) @

QM-SPS 4.527 11.804 8.59 97.6
MS2000-SPS 4.510 11.761 8.68 97.7
MS4000-SPS 4512 11.590 8.42 97.5

BiggSb12-QM-SPS  4.526 11.802 9.30 98.5
Bi [20] 4546  11.862 - -
Sb [20] 4308  11.274 - -

Figure 5.3 Surface image of MS4000-SPS sample: (a) SEM image and EDX mapping images
of (b) In, (c) Sb, and (d) Bi, respectively. The white scale bars represent 5 um
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To identify the atomic distribution in the sample, EDS analysis was carried out for
MS4000-SPS sample and the images are shown in Fig. 5.3. The Bi-Sb alloy and InSb phases
are clearly separated and the elements are homogeneously distributed in each phase. The grey
matrix areas in SEM image correspond to Bi-Sb phase and the dark region represents the InSb
phase as shown in Fig. 5.3 (a). The microstructure observation confirms Bi-Sb alloy-InSb dual
phase structure with spherical InSb embedded in the matrix of Bi-Sb alloy. The eutectic
structure shape was determined by the volume fraction, surface tension, growth rate, and so on.
The low volume fraction of InSb phase (18% < 28%) may generate that microstructure.

In the SEM images of Fig. 5.4, it is found that the MS2000-SPS and MS4000-SPS
samples, which were subjected to melt-spinning, have finer microstructure than of the
comparative QM-SPS sample. Although grain growth occurred during the sintering process,
the size of InSb particle is 1~2 um for MS2000-SPS sample and 0.5~1 um for MS4000-SPS
sample. Very fine microstructure was successfully generated by MS-SPS process for the

sample at the eutectic composition.

(a) QM-SPS (b) MS2000-SPS

10 pm

(c) MS4000-SPS

1 pm

Figure 5.4 Scanning electron micrograph of the (Bio.gsSbo.12)e0(InSh)10 samples (A) QM-
SPS, (b) MS2000-SPS, and (c) MS4000-SPS.

Fig. 5.5 shows the temperature dependence of Seebeck coefficient S, electrical
resistivity p, and power factor PF for Bio.gsShoi2 and (Bio.ssSbo.12)90(INSb)10 composite

samples. For all the samples and over the entire temperature range, the sign of the S is negative
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and p values increased with increasing temperature. The composite samples have larger
absolute S and higher p than Bio.gsSho.12. It would be caused by existence of semiconducting
InSb phase, which possess larger S and higher p values. The MS-SPS samples exhibited higher
p values compared with those QM-SPS and reference sample, due to low carrier concentration.
By comparing QM-SPS and MS4000-SPS, larger S value is observed for the MS sample. The
rapid cooling rate at the MS process could improve the homogeneity in Bi-Sb phase, which
increase the band gap and enhance the S value. On the other hand, the enhancement in S is not
observed for MS2000-SPS sample, indicating that the cooling rate was insufficient in spite of
the MS process. Same tendency was reported previously [15], considerably high cooling rate
is needed for the Bi-Sb alloy. The higher cooling rate decreases the InSb particle size as shown
in Fig. 5.4, which increases electron-interface scattering. Hence MS samples show higher
electrical resistivity than QM-SPS sample. It is notable that PF of MS4000-SPS sample is
nearly equal to that of QM-SPS in spite of the stronger electron-interface scattering, reached
2.6 mW/mK? at 300 K. It indicates that the interfaces between Bi-Sb and InSb phases are clean
because natural eutectic phase separation occurs in this fabrication procedure, which maintain

the electrical properties as TE materials.
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Fig. 5.6 shows the temperature dependence of thermal conductivities. The total thermal
conductivity was lowered for the composite samples compared to Bio.ggSbo.12. The sample
MS4000-SPS has minimum thermal conductivity among the samples, 30-35% lower than Bi-
Sb alloy. Electronic thermal conductivity was calculated using the Wiedemann-Franz law xe=
L- p1- T, where L is the Lorenz number. Lorenz number depends on the Fermi level, hence

estimated from the Seebeck coefficient. The values of around 2x10®8 W- Q- K2 are used. x

was obtained by subtracting xe from x. The sample MS4000-SPS shows lower x than other
composite samples due to the fine microstructure, which provide frequent phonon-interface
scattering. Nevertheless, the composite samples have higher lattice thermal conductivities than
Bio.gsSbo.12 alloy. It would be caused by the high thermal conductivity of InSb phase, around
18 W/mK at room temperature [14]. Further refining is needed to enhance the phonon-interface

scattering and ignore the high thermal conduction in InSb phase.
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Figure 5.6 Surface image of arc-melted sample: (a) SEM image and EDX mapping images of

(b) Si, (c) Cr, and (d) Mn, respectively. The white scale bars represent 10 um

The temperature dependence of ZT in each sample is shown in Fig. 5.7. MS4000-SPS
sample shows the highest ZT among other samples in entire temperature range. The ZT
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decreases with temperature, the maximum value of 0.23 is obtained at room temperature. By
comparison with QM-SPS sample, the ZT value improves by about 25% in all temperature
range. It is achieved by reduction of thermal conductivity without degradation of power factor.
It indicates that this microstructure refining technique, using liquid quenching and phase
separation at the eutectic composition, is promising method to improve the ZT value. On the
other hand, the ZT value is almost same as that for BiogsSbo.12 alloy. Appropriate materials
selection and more rapid cooling rate are needed to achieve further improvement of

thermoelectric performance.
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Figure 5.7 Temperature dependence of ZT for Bio.gsSbo.12 and composite samples
5.4 Conclusion

We successfully fabricated Bio.gsSbo.12/InSh eutectic alloy and their microstructure and
thermoelectric properties were investigated. The power factor reached a maximum value of 2.6
mW/mK? at 300 K for the MS4000-SPS sample. Although the ZT is as same as the eutectic-
free Bi-Sb matrix with the value of 0.23 at 300 K, we could reduce the thermal conductivity by
35%. Furthermore the thermal conductivity reduces while maintaining the power factor for the
composite samples. Combination of rapid cooling by melt spinning and eutectic-phase
separation is a promising method to synthesize high performance thermoelectric composites as

the results is almost the same as previous Si study.
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CHAPTER VI

Conclusion

6.1 Summary

In this thesis, the behavior of eutectic compound were investigated. Polycrystalline
sample of p-type Si/CrSiz, n-type Si/CrosMno2Siz, and n-type Bio.gsSho.12/InSh eutectic alloy
were successfully prepared by melt-spinning based rapid solidification technique. The high
density samples were done by spark plasma sintering process. The thermoelectric properties

have been investigated from room temperature at 300 K to around 473 K ~ 773 K.

Firstly in chapter 111, we demonstrated the fabrication of p-type Si/CrSi; eutectic alloy
based on a self-assembly process. The size of the eutectic microstructure are reduced to the
nanometer scaled by using melt-spinning technique. It is noted that the lamellar structure has
high stability upon solidification, so that no transition to an amorphous phase occurs. The
average eutectic spacing of the samples increases with a decrease in the wheel speed. In a
sample melt-spun at less than 10 m/s, virtually no aligned lamellar structure can be observed
instead, a micrometer-sized structure with disordered interfaces is dominant. It is demonstrated
that the thermal conductivity can be reduced to 1/3 that of the bulk eutectic alloy of the same
composition, thus increasing ZT. The power factor does not decrease but rather increases
significantly at higher temperatures.

Secondly in chapter 1V, we successfully sintered the ribbon sample with spark plasma
sintering process and convert the conduction type of p-type Si/CrSi; eutectic alloy to n-type
conduction by doping Si with phosphorous and substitution of chromium atom with
manganese. Although grain growth occurred during the sintering, the microstructure of MS-
SPS sample was successfully refined by about 1/10 than AM-SPS sample. 1t may be explained
by difference in density of interface between Si and silicide phases. The interfacial states
provide electronic carriers, and the interfacial barrier potentials scatters the carriers. Because
the MS samples have very high interface density, the carrier concentration and scattering rate
are high, consequently they show lower Seebeck coefficient value and higher electrical
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resistivity. Although the size of the morphology change to about 100 nm to 200 nm during
sintering process, a fine nanostructure was obtained in the bulk sample MS-SPS. The power
factor was reduced in as-cast melt-spun ribbon sample, but it recovered by following sintering
process. It is demonstrated that thermal conductivity were reduced by 20%-30% by the
structure refinement which are not as expected. As a result, ZT value was improved about 50%

compared to arc-melted sample.

Finally in chapter V, we investigated system with other than Si and silicide which is the
n-type BiSb/InSh. The submicrometer-sized composites were successfully obtained. Although,
the structure can reduce the thermal conductivity by 35% and slightly increase ZT value but
the reduction of the thermal conductivity are not as expected. This confirm that the novel idea

of new fabrication technique can be apply to various thermoelectric material systems.
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Figure 6.1 Percentage of thermal conductivity accumulation of theoretical Si at 300 K and

1000 K from A. Heng et. al. and current study.

Through these studies, we confirmed that thermal conductivity can be reduced while
preserving the electrical properties using both melt-spinning rapid solidification technique and
eutectic phase separation. One more important challenge in the same direction is the use of
non-toxic and abundant materials that can be easily implemented in the actual consumer device.

Although this approach has made great progress, higher efficiencies and lower manufacturing
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costs are required. There is still room for new and disruptive developments in the field of

thermoelectricity in this young research area.

6.2 Future Work

Fine nanostructure composites was obtained from the new fabrication method.
However detailed electron microscopy indicates that grain growth occur in bulk sample during
sintering. In the future, I consider that further improvement may be achieved by: 1) reduction
of the nanostructure sizes down to < 10 nm for 80-90% thermal conductivity reduction since
the trend of accumulated thermal conductivity reduction of current alloy is lower than
theoretical value as shown in Fig. 6.1, 2) optimizing the sintering condition to reduce the grain

growth and 3) considering the coherent interface including low potential barrier.
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	Thermoelectric is a technology dealing with direct conversion of thermal waste energy into electrical power. The efficiency of thermoelectric energy generator is restricted by dimensionless figure of merit (ZT). Thermal conductivity reduction is neede...
	In the first chapter, thermoelectric conversion, theoretical background of thermoelectric properties, solidification techniques and eutectic phase separation were described and the literature data were reviewed. Based on the above, a newly propose fab...
	The second chapter explained the methodology to synthesize and characterize the material used in the research. The first section described the preparation methods of arc-melting (AM) and quench-melting (QM) technique for ingot, MS for rapidly cooled t...
	The third chapter demonstrated the fabrication method for p-type Si/CrSi2 eutectic alloy by using MS technique. The eutectic lamellar microstructure size is downsize to the nanometer range. Decreasing the rotation speed increase the average eutectic s...
	The fourth chapter investigated the fabrication of n-type Si/CrMnSi2 eutectic alloy by adopting MS technique and SPS process. High density bulk samples have been produce from ribbons or flakes. The MS-SPS sample microstructure was effectively refine b...
	The fifth chapter investigated Bi-Sb alloy and InSb eutectic composite fabricated by MS-SPS. The submicrometer-sized composites are successfully obtain. The structure can reduce the thermal conductivity by 35 % and slightly increase ZT value. This con...
	The sixth chapter summarized the overall development on the self-assembly fabrication processes using eutectic phase separation, rapid solidification and SPS. It is conclude that the new fabrication technique can provide fine nanostructure composites ...
	Introduction
	1.1 Background
	In modern times, energy demand and population growth have increased with progress in science and technology [1]. As a result, the problem of exhaustion of energy resources and global warming caused by greenhouse gases generated by combustion of fossil...
	TE power generation is a technology to produce electric power by adopting a TE conversion material utilizing the Seebeck effect of generating a thermoelectromotive force when a temperature difference is provided between a metal or a semiconductor mate...
	Figure 1.1 Schematic diagram of a thermoelectric conversion module [7].


	1.2 Thermoelectric Phenomena
	The thermoelectric conversion material is based on three thermodynamic interactions of Seebeck, Peltier, and Thomson effect. Thermoelectric power generation and cooling were performed using these effects. These phenomena will be described as below.

	1.2.1 Seebeck Effect
	When two different conductors, 1 and 2 are connected to form a closed circuit loop as shown in Fig. 1.2 and the junction temperatures of these two loops are different as T and T + dT, the current I flows through this closed circuit. When an arbitrary ...
	The thermoelectric power per 1 K of temperature difference is called relative thermoelectric power, and generally S12 shows temperature dependence, so the electromotive force V12 of the closed circuit at the high temperature side of the TH and the low...
	Figure 1.2 Thermoelectric closed circuit joining two dissimilar conductors


	1.2.2 Peltier Effect
	Figure 1.3 Thermoelectric closed circuit joining two dissimilar conductors
	When the current, I passes through a connection between two different types of conductors, the release or absorption of heat depends on the direction of the current at this boundary. The amount of heat and the sign of it depends on the nature of the b...
	(12 is called the Peltier coefficient, and heat absorption and heat generation are switched when the current flows in the reverse direction.

	1.2.3 Thompson Effect
	In the same conductor in which the temperature distribution is present, the carrier diffuses from high temperature part to low temperature part and heat carriers are transported against the internal electric field commensurate with the diffusion of th...
	(1 is the Thomson coefficient.
	Figure 1.4 Thomson absorption heat generated by current when a temperature gradient exists on the same conductor


	1.2.4 The Kelvin Relationships
	Seebeck effect, Peltier effect, Thomson effect is related with thermodynamic law. As shown in Fig. 1.5, consider a closed circuit where there is a temperature difference at the joint. The Peltier heat absorption (12dI and the heat radiation (21dI gene...
	Also, since there is a temperature difference in the same conductor, heat absorption (1dIdT and heat radiation (2dIdT due to Thomson effect occur. Since the power consumption of this closed circuit is S12dIdT, the first thermodynamic law of this circu...
	From Eq. 1.6, the following expression is obtained.
	Next, we derive the relational expression when we consider the reversible process of Seebeck coefficient, Peltier effect, Thomson effect separately from non-reversible process of heat conduction and Joule's heat. When heat is absorbed and absorbed in ...
	Using the relational expression between the Peltier coefficients, it can be rearranged as follows.
	Here dT is less than T, assuming that dT is large enough to be ignored for T, the following is obtained.
	Using the relation derived from the first law of thermodynamics, the following relational expression is obtained.
	The above relational expression is called Kelvin's relational expression.
	Figure 1.5 Heat absorption/heat dissipation in thermoelectric conversion


	1.3 Thermoelectric Figure of Merit
	When conductor is applied with temperature gradient, charge carriers at hot side acquire extra kinetic energy than those at cold side until the potential gradient prevent more diffusion. A dynamic equilibrium ensure that no net transfer of charge whil...
	As shown in the Fig. 1.6, when the electrode is coupled with p-type and n-type TE materials and there is a difference in temperature, TH－TC, electric current (I) occurs at the junctions. Absorbed heat at hot junction  and released heat at cold junctio...
	Transported heat from hot junction to cold junction, , can be written:
	where K is a specific coefficient for materials. The electrical current is shown as
	where r is the absolute internal resistance of TE device.
	Figure 1.6 Schematic illustration of TE generator

	The resistance r can be defined as following eq. 1.15 using the length of the materials, L, the internal resistance rn and rp, the electrical resistivity ρn and ρp, and the cross section area An and Ap for n- and p-type TE material, respectively.
	Additionally, the thermal conductance Kpn can be defined as following equation:
	where κn and κp are the n-type and p-type TE material thermal conductivity, respectively.
	Then, applied heat  can be expressed as
	The energy efficiency η is obtained using  and available energy P = I 2R:
	Thus, the TE efficiency is determined by following parameters: (i) temperatures of junctions, TH and TC, (ii) materials intrinsic parameters K, r, and Spn, and (iii) the ratio of internal and external resistance R/ r.
	In the case that these parameters except for K are constant, K should be as small as possible to maximize the efficiency η.
	To minimize K, K was differentiated with respect to the ratio of area (Ap/ An), then the following equation is obtained.
	The thermal conductance K can be determined by choosing (Ap/ An) fulfill the equation (1.21):
	Using equation (1.22), TE figure of merit and efficiency, independent to sizes of materials, can be obtained as
	On the other hand, to maximize η, if η was differentiated with respect to the ratio of resistance (R/ r), following relationship is obtained.
	Here, Tm = (TH + TL) /2 is mean value of absolute temperature in the device. Then the maximum efficiency ηmax is expressed as below:
	The relation between ηmax and ZTm is outline in Fig. 1.7 for TC = 300 K. In reaching higher TE efficiency, higher Z value and larger temperature difference is needed. Application with ZTm  > 1 ~ 1.5 will benefit in accomplish the efficiency of η > 0.1...
	From the Eq. (1.22), the absolute ZT is determined by Eq. (1.26), using the material absolute Seebeck coefficient (S), electrical resistivity (ρ) or electrical conductivity (σ), and thermal conductivity (κ).
	Figure 1.7 Dimensionless figure of merit, ZTm, dependences of maximum efficiency, ηmax, in the case of TC = 300 K


	1.4 Improvement of Thermoelectric Performance
	To improve ZT, it is a needs to increase electrical properties (S, ρ) and subsequently, decreasing the κ. Doping manipulation for materials is a key practise to the considerable change in the TE properties and crystallographic [10]. Shown in Fig. 1.8,...
	Figure 1.8 Carrier concentration dependences of  S, σ, S2σ, κ, and ZT by assuming acoustic phonon scattering and single parabolic band


	1.4.1 Carrier Concentration
	Only a single type of carrier is needed in order to make sure S is higher. Mixed p-type and n-type conduction force both charge carriers shifting to cold side, annihilate the Seebeck voltages. Correlation between S and carrier concentration conceivabl...
	where m* is effective mass and n is concentration of carrier. Eq. (1.27) indicates that low n semiconductors and even insulators have high S. Nevertheless, low n also effects in small σ; as seen in Eq. (1.28). The ρ and σ are correlated to n over carr...

	1.4.2 Thermal Conductivity
	The thermal conductivity in TE originates from holes and electrons transporting heat (κe) and phonons transmitted through the lattice (κl). The Wiedemann-Franz law  directly correlates κe [11]:
	where L is the free electrons Lorenz factor.
	The Lorenz factor can vary predominantly with n. Precise calculation of κe is essential, as κl is frequently calculated by subtracting κ and κe (Eq. 1.29) from the σ experimental results. Uncertainty in κe occurs in materials with low carrier concentr...
	Efforts in reducing the lattice part of the κ essentially to its minimum value are being done in many areas of research related to new TE materials. Crystal bonding will pass the excitation to the neighboring atoms if an atom in the crystal lattice is...
	where G(E), E, νx and τ are the phonon density of states, the energy, the group velocity, and the relaxation time of phonon scattering, respectively. The distribution of phonons in thermal equilibrium state is given by the Bose distribution as follow:
	The τ can be reveal for numerous scattering mechanisms by
	where τPP, τPA, τPC, and τPG are phonon to phonon scattering by Umklapp process, phonon to alloying scattering, phonon to carrier scattering, and phonon to grain boundary scattering, respectively. If M, ξ, δ, γ, θD, m*, N, νs, y(1-y), ∆M, ∆r, and L ar...
	On the other hand, according to a model reported [16], low κl can be estimated in the materials which please the conditions as a large average mass of its constituent atoms, a low melting point, and a large unit cell. Further, the minimization of the ...

	1.4.3 Grain-Size Effects
	Average size of grains contributes significantly to the κ of a material. Its effect can be consequent from the concept that the grain boundaries are thermal resistors in series with the grains. This shown in the following Eq. 142:
	Where d is average grain size, κi is intrinsic conductivity or the κ of a single crystal, and 𝑅κ is the thermal boundary resistance. Another term that is useful when investigating the effect of grain size on κ of polycrystalline materials is the Kapi...
	Where Gκ is the Kapitza conductance. Grain size effect on the κ should be minor if the grain size is considerably higher than the Kapitza length, 𝑑 > 𝑙κ. Phonon scattering at the interface becomes significant as the size of the grains match the Kapi...
	For certain materials the effect of the grain size on κ decreases with increasing temperature. At maximum temperatures, the grain size has little or no effect on the κ. Smaller grains do not result in lower values of total κ at very high temperatures ...

	1.5 Thermoelectric Materials
	Over the past 30 years, alloys based on Bi2Te3, PbTe, SiGe, and BiSb which is traditional small ban gap materials systems have been widely studied. Here, the TE properties of those compounds are introduced simply.
	Bi2Te3 is a narrow-gap semiconductor with an indirect gap of around 0.15 eV. It crystallizes in the rhombohedral space group R-3m. The structure made up of five atomic layers (Te1-Bi-Te2-Bi-Te1), comprises plates, stacked by van der Waals interactions...
	In contrast to Bi2Te3, PbTe crystallizes in the NaCl crystal structure. That premiere TE material for mid-range temperature around 600 to 800 K applications. A band gap of 0.32 eV allows it to be optimized for power-generation applications and can be ...
	Neither Si nor Ge is a good thermoelectric material, as the κl is very large (150 Wm-1K-1 for Si and 63 Wm-1K-1 for Ge). The κl can be substantially reduced by alloy formation between the two elements. The best alloy composition is Si0.7Ge0.3; κ about...
	For cooling below room temperature, BiSb alloys have been used in the n-type legs, couple with p-type legs of (Bi,Sb)2(Te,Se)3. These alloys have been extensively studied and optimized for their uses as thermoelectric materials to perform a variety of...
	Despite the advantageous TE properties of the above-mentioned materials, however, most of these heavy element contain high-toxicity and/or expensive elements that limit their application on a large scale. Therefore, researchers have a considerable inc...

	1.6 Current Research
	Si has attracted attention as a promising candidate sustainable thermoelectric material. In addition to its advantages of low-cost and environmental friendly, Si the second-most abundant element in the earth’s crust. Bulk Si possess outstanding electr...
	For many years, the main approach for developing high-efficiency Si based thermoelectric material was focused on the suppression phonon transport which acts as a main contributor to the lattice thermal conductivity. Initially, the phonon transport pro...
	Nanostructuring approach has been introduced for developing advanced Si based thermoelectric materials. Nanostructures offer a material with complex crystal structures including high density of grain boundaries (nanostructured structure), small point ...
	Figure 1.9 Percentage of thermal conductivity accumulation of Si at 300 K and 1000 K [30]

	For example, Fig. 1.9 show the theoretical modeling on the contribution of phonon scattering to the lattice thermal conductivity was carried out as a function of the mean-free path for Si. The calculations showed that 90 percent of thermal conductivi...
	In bulk materials, Si nanocrystals formed by metallurgical powder methods have a thermal conductivity of about 10 Wm-1K-1 at room temperature and a relatively high ZT of about 0.7 at temperatures of almost 1200 K. However, this type of processing of S...

	1.7 Eutectic Phenomena
	A eutectic system is a homogeneous combination of substances that melts or solidifies at a single temperature below the melting point of either component. For each alloy, there is a certain composition in which only one solidification temperature exis...
	Figure 1.10 Eutectic composition in phase diagram
	Figure 1.11 Types of binary eutectic morphology, the transversal image on the left and the longitudinal crossings of the discretionally solidified microstructure on the right [33]

	Since they comprise more than one phase, eutectics can show a wide variety of geometric arrangements. These geometric shapes can be regular, irregular or fibrous. These eutectic morphologies are shown in Fig. 1.11. The eutectic structure is regular in...
	Figure 1.12 Four eutectic structures: A) lamellar B) rod-like C) globular D) acicular.

	The simplest morphology for the solid / liquid interface is assumed to determine the growth behavior of the two eutectic phases during the growth of a regular lamellar eutectic as shown in Fig. 1.12. In this case, the problem can be treated in two dim...
	Figure 1.13 Eutectic phase diagram and regular growth of lamellae

	This amounts to moving the solid / liquid interface in a stable thermal environment at a rate V=V’. The eutectic compositional alloy grows below the eutectic temperature with an essentially isothermal interface at temperature T*=Te-ΔT. From the phase ...
	During growth, the solid phases reject the solvent into the liquid. Therefore, the α phase rejects B atoms in the melt and the β phase rejects A atoms. The rejected solvent in one stage is necessary for the growth of the other. Consequently, lateral d...
	where K1 and K2 can be calculated from phase diagram and thermodynamic data. The relationship between the lamellar spacing (λ), growth rate (V) and constant related to material properties (K) is,
	The diffusion field minimizes the structure's λ-value, which results in a faster growth shown in Fig 1.14.
	Figure 1.14 Diffusion effect at the solid / liquid interface [33]

	The paths of the rejected B component from the A component were shown in the Fig. 1.15 (a) during the solidification. Therefore, the concentration in the liquid is not constant, but depends on the Fig. 1.15 (b). This variation in concentration can onl...
	The growing interface can be considered to be in a thermodynamic balance at the local level. This means that the measurable interface temperature, Tq*, which is constant along the solid / liquid interface (over λ /2), matches the balance at all interf...
	Figure 1.15 Eutectic interface concentration and temperature [33]

	The corresponding liquid temperature for certain regions of the α-phase varies from values greater than Te to values below the actual interface temperature, Tq* for the central region of the β-phase. The difference must be compensated for by the local...
	Figure 1.16 Type of eutectic interface instability [33]

	Two types of morphological instability can be found in binary eutectics: single phase or two phase, as shown in Fig. 1.16. The usually flat solid / liquid interface can become unstable and lose its planar form. In Fig. 1.16, there are two types of ins...
	Figure 1.17 Effect of non-eutectic composition and gradient of temperature [33]

	Eutectic alloys are generally fine microstructured composites that are self-assembled with some structural regularity directly from a melt. Its size decreases with an increase in the growth rate in cooling conditions at a minimum [35].

	1.8 Rapid Solidification Technique
	The normal cooling rates are produced by casting with a cooling rate of 10 K/s to 102 K/s [36]. Rapid solidification technology has been developed to produce uniform films of metastable phases with a cooling rate of 105 K/s. Semiconducting and metal a...
	This technique comprises of melting and injecting the sample on rapidly rotating rollers under certain pressure. The drop solidifies and thin uniform films of amorphous phases can be acquired while passing through the roller. Increasing the speed of t...
	where Tg and Tt, respectively, glass and initial melt temperature, ∆𝑡(≈𝑑/𝜐) is the contact time between roller and melt, 𝜐 is the linear velocity of the roller and d is the melt distance during solidification.
	The advantages of this solidification method are: (a) the thickness of the quenched films is uniform. (b) Production of an endless strip of quenched material. (c) Applicable to ductile materials as well as to brittle semiconductors. (d) There is littl...

	1.9 Purpose of Study
	The ZT development of bulk Si and Bi remains challenging recently. Although thermal conductivity can be greatly reduced through nanostructure, the effects of high density grain boundaries such as oxide formation, impurity segregation and amorphous are...
	The purpose of this study is to investigate the behavior of the eutectic compound, which has a very fine structure using phenomena of natural phase separation. Furthermore, by using melt-spinning technique for the eutectic system, samples with nano-si...
	First, the study focus on improving the thermoelectric performance of Si-based materials. It is known that nanostructuring has achieved a dramatic reduction in thermal conductivity along with high ZT. Due to the strong phonon dispersion at the grain b...
	Secondly, methods for densifying the ribbon sample without changing the microstructure are investigate. For good TE energy conversion applications, it is necessary to produce high density bulk sample together with combining p-type and n-type with simi...
	Finally, the study investigate the fabrication method on other thermoelectric material eutectic system. It is known that a bismuth antimonide (BiSb) alloy is a semimetal compared to previous study of Si which is semiconductor. We therefore investigate...
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	Experimental Method
	2.1 Sample Preparation
	All experiments in this work were performed at Kurosaki-Muta laboratory, Osaka University. In the present study, for chapter 3, master ingot were prepared by conventional arc-melting technique. For the work in chapter 4, master ingot were prepared by ...

	2.1.1 Arc-Melting (AM)
	Arc-melting (AM) is a method used for melting metals that are normally to form alloys. The simple model of AM system is shown in Figure 2.1. The heating process is through an electric arc struck among a tungsten (W) rod and metals positioned in a vess...
	As there are two crucibles in the hearth, a set of two alloys can be prepared in a single evacuation. The system consist of three main part which is the power source, vacuum unit and chiller. A vacuum of 10-6 m bar can be attained by the vacuum unit ...
	Figure 2.1 Schematic model of arc melting.


	2.1.2 Quench-Melting (QM)
	The preparing technique of glasses by means of rapid quenching of a melt is historically the most established and it is still the most widely used in the preparation of amorphous chalcogenide materials. The method consists of weighting and mixing the ...

	2.1.3 Melt-Spinning (MS)
	Melt spinning (MS) is a rapid solidification technique that are used in preparation of many advanced functional materials [1]. The mechanism of the melt spinning is shown in Figure 2.2. By induction heating, small amount of alloy were liquefied inside...
	Figure 2.2 The melt-spinning system schematic model

	There are several parameters to control, i.e., the atmosphere in the chamber, internal pressure, injection pressure, output current, rotational speed, nozzle diameter, and distance between the nozzle and the copper roller. These parameters determine t...
	In the cross section, the nozzles are typically circular, which ranges from 50 to 1250 um. They are made by refractory materials. The nozzle materials that are typically used are hexagonal boron nitride (h-BN), graphite, alumina, silicon carbide (SiC)...

	2.1.4 Spark Plasma Sintering (SPS)
	Figure 2.3 The schematic model of spark plasma sintering system
	A method to synthesize bulk sample from powder by applying one axis force and pulsated direct electrical current is called spark plasma sintering (SPS). SPS has many benefits compared to ordinary sintering approaches for instance hot isostatic pressin...

	2.2 Characterization Methods
	In this work, the thermoelectric and physical properties were characterized by using the laser flash analysis, ZEM-3, X-ray powder diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and energy dispersive X-ray spectrometry (EDS).

	2.2.1 X-ray Powder Diffraction (XRD)
	To measure phase characterization of sample, powder X-ray diffraction (XRD, Rigaku RINT2000) is used. From the XRD results, unit cell volume, the lattice parameter, and theoretical density can be assessed. Purity phase and present of any impurity phas...
	where d is the little spacing in a crystalline sample, is the wavelength, while n is diffraction order integer.
	Figure 2.4 Relationship among the wavelength , angle (, and atomic spacing d.

	A powder XRD apparatus consists of an X-ray detector, X-ray source, a way to vary angle and a specimen stage as shown in Figure 2.5. At angle (, the X-ray is directed to the specimen. The detector opposing the source, detects the X-ray intensity. Angl...
	Figure 2.5 Diagram of X-ray diffraction tool


	2.2.2 Field Emission Scanning Electron Microscopy (FE-SEM)
	Surface morphology can be observe using the scanning electron microscopy (SEM). In this study, images of solid surface were obtained with the field emission scanning electron microscopy (FE-SEM). The equipment apply a concentrated beam of high-energy ...
	Figure 2.6 Diagram model of scanning electron microscopy


	2.2.3 Energy-Dispersive X-Ray Spectroscopy (EDS)
	Energy dispersive X-ray spectroscopy (EDS or EDX) is a chemical microanalysis method used in concurrence with the SEM is called. The EDS identifies X-rays released from specimen throughout bombardment thru an electron beam to identify the elemental co...
	Electrons are emitted from atoms comprising the specimen surface once the specimen is bombarded by the SEM electron beam. The resulting electron vacancies are occupied by electrons from a greater state, and an X-ray is released to balance the energy c...
	EDS X-ray detector compute the relative abundance of released X-rays versus their energy. It creates a charge pulse that is proportional to the energy of the X-ray when an incident X-ray strikes the detector. The charge pulse is altered to a voltage p...
	Figure 2.7 Schematic illustration of EDS


	2.2.4 ZEM-3
	Thermopower measuring device (ULVAC ZEM-3) was implemented in a helium atmosphere to measure the electrical properties. The diagram of ZEM-3 is showed in Figure 2.8. To characterized the electrical resistivity, (, the standard four probe technique wit...
	where Vsample is the voltage within the two probes positioned on the specimen, Vref is the voltage dropped through the standard resistor, Rref is a standard resistor together with the apparatus, Asample is the specimen cross section, and Lsample is th...
	where, TL and TH are the absolute temperatures measured at two points from Vsample was measured. The average value of three measured temperature gradients (T of 20, 30, and 40 K among two blocks at temperature T measured as the results value.
	Figure 2.8 Schematic illustrating of ZEM-3 for measuring electrical properties


	2.2.5 Laser Flash
	With the distribution of temperature changing, there is a trouble that heat transfer is short. Thermal diffusivity is a concept that the fundamental quantity makes the entrance into the heat transfer situation that is unsteady. There is a formula with...
	where 𝐷 is the thermal diffusivity, 𝐶 the specific heat and 𝑑 the sample density. In this equation, it can be found that D, thermal diffusivity, can help to compute 𝜅 (thermal conductivity). To obtain the value of D, the experiment has to use a la...
	It needs a period of time to heat the sample and increase temperature on the rear surface. This time is useful to determine the through-plane diffusivity and calculate the through-plane thermal conductivity under the given density and specific heat. F...
	Figure 2.9 Schematic illustration of through-plane measurement

	The experiment takes a disk as a sample which is 12.7 mm in diameter, a standard one, and has a thickness range within 1mm to 3 mm. The Netzsch LFA457 Laser Flash system makes the disk aligned in a tantalum tube furnace, namely the position between a ...
	The equipment is completely automated so that it can command systems. Moreover, it also records, analyzes and reports thermal diffusivity and specific heat, calculating thermal conductivity.  Before test, a graphite film is utilized to cover the sampl...
	Figure 2.10 Schematic illustration of laser flash instrument

	If the primary temperature dissemination inside a thermally insulated solid of uniform thickness L is T(x, 0), the temperature circulation at any future time t is given as subsequent, where α is the thermal diffusivity.
	If a pulse of radiant energy Q is promptly and uniformly absorbed in the small depth g at the front surface x = 0 of a thermally insulated solid of uniform thickness L, the temperature distribution at that moment is given by  for  and  for . With this...
	As g is a very small amount for opaque materials, it follows that sin(nπg /L) ≈ nπg /L. At the rear surface where x = L, the temperature antiquity can be written by equation (2.7).
	Two dimensionless factors, ω and V can be clear as next interactions, where TM denotes the highest temperature at the rear surface.
	The combination of (2.7), (2.8), and (2.9) produces the equation (2.10).
	Equation (2.10) is outline in Figure 2.11. From equation (2.10) and Figure 2.11, thermal diffusivity α is realized: when ω is equivalent to 1.38, V is equivalent to 0.5 and the following correlation is attained.
	The parameter t1/2 is the time requisite for the back surface to reach half of the maximum temperature increase.
	Without attempting a rigorous analysis, an effective temperature Te is picked as the time average of the mean of the front and back surface reaches one-half of its maximum value. The dimensionless parameter V(L,t) at the rear surface was given by equa...
	The mean value of V(L,t) and V(0,t) is
	and the effective value of V is expressed as equation (2.15).
	Finally, the effective temperature is given by
	Figure 2.11 Dimensionless plot of rear surface temperature history
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	Thermoelectric Properties of p-Type Si/CrSi2 Eutectic Alloy Fabricated by Melt-Spinning Technique
	3.1 Introduction
	Silicon (Si)-based materials are successful examples of the enhancement of the thermoelectric Silicon (Si)-based materials are successful examples of the enhancement of the thermoelectric performance by nanostructuring [1–6]. Bulk Si crystals have a p...
	Recent papers have reported a dramatic reduction in the thermal conductivity, κ, together with high figure of merit, ZT, by nanostructuring in low-dimensional systems such as Si nanowires [8–10] and Si thin films with nanoholes [11,12]. In bulk materi...
	In this work, an approach for the fabrication of Si-based nanostructured bulk materials is described that is based on a self-assembly process from melting alloys. Generally, eutectic alloys are fine microstructured composites that are self-assembled d...
	Figure 3.1 Binary phase diagram of the Si-Cr system (Si-rich side only)


	3.2 Experimental Procedures
	The melt spinning method is used with a cooling rate that exceeds 105 K/s [26], and the cooling rate increases with the wheel rolling speed. Master ingots with a nominal composition of Cr14.9(Si1-xBx)85.1 were first prepared by arc melting (AM) in an ...
	The samples were characterized by powder x-ray diffraction (XRD) analysis using an x-ray diffractometer (Ultima IV, Rigaku Co.) with Cu Kα radiation and secondary electron images using a field-emission scanning electron microscope (FE-SEM, JEOL JSM-65...
	Figure 3.2 Schematic view of the sample inside the ZEM-3 measurement system


	3.3 Results and Discussion
	Figure 3.3 Scanning electron micrograph of the Cr14.9(Si0.99B0.01)85.1 alloy prepared by arc melting (AM)
	Our preliminary studies indicate that the eutectic composition is Cr14.9Si85.1, although values from 12–18 Cr at.% have been reported [29–31]. The Cr14.9(Si0.99B0.01)85.1 alloy prepared by arc melting had a fine eutectic structure with a typical grain...
	Fig. 4 shows the powder XRD patterns of the Cr14.9(Si0.99B0.01)85.1 bulk sample prepared by arc melting and ribbon samples prepared by melt spinning. The powder XRD pattern confirms that the melt-spun sample is a two-phase alloy consisting of Si and C...
	Figure 3.4 Scanning electron micrograph of the Cr14.9(Si0.99B0.01)85.1 alloy prepared by arc melting (AM)

	The melt-spun samples have a long ribbon-like shape with a thickness of 1–40 µm, which decreases with an increase in the roll speed, and a width of 1–3 mm was obtained, as shown in Fig. 3.5 (a). Fig. 5 (b)–(h) show SEM images of the Cr14.9(Si0.99B0.01...
	Figure 3.5 Scanning electron micrograph of the Cr14.9(Si0.99B0.01)85.1 alloy prepared by arc melting (AM)

	These images show that most of the melt-spun sample is composed of a well-organized lamellar structure aligned vertically to the ribbon surface, indicating the occurrence of unidirectional solidification from the contact surface to the free surface of...
	The temperature dependences of ρ, S and the power factor of the sample that was melt-spun at 52 m/s are plotted in Fig. 3.6. For comparison, measurements of bulk samples prepared by the arc melting of Cr(Si0.99B0.01)2, Si99B and eutectic Cr14.9(Si0.99...
	Figure 3.6 Temperature-dependent (a) electrical resistivity, (b) Seebeck coefficient, and (c) power factor of the melt-spun and the arc-melted Cr14.9(Si0.99B0.01)85.1 eutectic alloy, Si99B and CrSi2

	The power factor of the melt-spun sample is 1.2 mW/mK2 at room temperature as shown in Fig. 3.6 (c), which is lower than that of the bulk sample. However, the temperature dependence is positively opposite to that of the bulk sample, the value increase...
	Table 3.1 summarizes the power factor, κ, and figure of merit, ZT, at room temperature for the arc-melted sample and the sample melt-spun at 52 m/s. The thermal conductivity of arc-melted alloy was found to be 34 W/mK at room temperature, which is rea...
	The decrease in κ directly enhances the ZT, and the value of 0.03 obtained at room temperature is high for a Si-based bulk nanomaterial without Ge. The best ZT at room temperature reported for bulk nanocrystalline Si has been 0.023 [13]. Considering t...
	Densification of the ribbon sample without the microstructure change should be considered for thermoelectric energy conversion applications. Rapid and low-temperature sintering technique, such as a spark plasma sintering method [34], is required.

	3.4 Conclusion
	Using the melt spinning, Si/CrSi2 eutectic alloys form an unprecedented fine lamellar structure that is aligned in a vertical manner to the ribbon surface with a spacing range of 20–35 nm. It is demonstrated that the thermal conductivity can be reduce...
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	Thermoelectric Properties of n-Type Si/CrMnSiR2 REutectic Alloy Fabricated by Melt-Spinning and Spark Plasma Sintering Technique
	4.1 Introduction
	Previously, we have synthesized nanometer-sized Si-chromium disilicide (CrSiR2R) composite using melt-spinning (MS) method only [1]. The composition was set to the eutectic one. Using both the natural phase separation at eutectic composition and liqui...
	In this study, firstly we prepared CrR1-xRMnRxRSiR2R samples of three different compositions to determine appropriate Cr/Mn ratio for n-type materials. Next, we prepared composites of P-doped (CrR0.8RMnR0.2R)RyRSiR100-yR with different compositions in...

	4.2 Experimental Procedures
	As starting materials, high-purity semiconductor-grade Si, P (6N),  Cr (3N), and Mn (3N) were used to prepare a master ingot with a nominal composition of CrR1-xRMnRxRSiR2R (x = 0.15, 0.20, 0.25) and (CrR0.8RMnR0.2R)RyR(SiR0.99RPR0.01R)R100-yR (y = 15...
	The samples were characterized by powder X-ray diffraction (XRD) analysis using an X-ray diffractometer (Ultima IV, Rigaku Co.) with Cu Kα radiation. The lattice parameters of CrR1-xRMnRxRSiR2R phase were calculated from the observed XRD peak position...
	For the determination of ρ, a cross-section of the ribbon sample was estimated using the mass, the density, and the length of the sample. The sample setting is previously reported in details [12].The thermal diffusivity, α, for the MS4000 ribbon sampl...

	4.3 Results and discussion
	4.3.1 Conversion of CrSiR2R to n-type by Mn substitution
	We have fabricated CrR1-xRMnRxRSiR2R ingots by arc melting. Fig. 4.1 shows the XRD patterns for CrR1-xRMnRxRSiR2R (x = 0.15, 0.20, 0.25) samples. The XRD peaks of hexagonal CrSiR2R-phase were observed mainly in all the samples, while the peak of MnSiR...
	Figure 4.1 Powder XRD pattern of CrR1-xRMnRxRSiR2 R(x = 0.15, 0.20, 0.25)R Rsamples

	Fig. 4.2 shows the lattice parameter of CrSiR2R phase in the three samples, calculated from the observed XRD peaks in Fig. 4.1. The reported lattice parameter of CrSiR2R is 4.428 Å [7,14], agrees well with the present result. As shown in the figure, t...
	Figure 4.2 Relationship between proportion of Mn and lattice parameter

	The temperature dependence of Seebeck coefficient and electrical resistivity for CrR1-RRxRMnRxRSiR2R (x = 0.15, 0.20, 0.25) samples are shown in Fig. 4.3. For all the samples, the Seebeck coefficient is negative from room temperature to approximately ...
	where σRe,hR the conductivity and SRe,hR the Seebeck coefficient (with the subscripts e and h referring to electrons and holes, respectively). At room temperature, electrons are the majority carriers and holes are the minority carriers inside the samp...
	Figure 4.3 Temperature dependence of (a) Seebeck coefficient and (b) electrical resistivity for CrR1-xR-MnRxRSiR2R (x = 0.15, 0.20, 0.25) samples

	Looking at each composition, the absolute value of the Seebeck coefficient shows a lower value for samples with x = 0.25 compared to x = 0.15, 0.20. This is thought to be due to the MnSiR1.74R impurity phase which is known as p-type semiconductor. Exi...

	4.3.2 Determination of eutectic composition and microstructure
	In order to determine a correct eutectic composition, we prepared P-doped (CrR0.8RMnR0.2R)RyRSiR100-yR samples of three different compositions with y = 15.5, 16.0, and 16.5. Fig. 4.4 shows the XRD patterns. The strong diffraction peaks corresponding t...
	Figure 4.4 Powder XRD pattern of P-doped (CrR0.8RMnR0.2R)RyRSiR100-yR (y = 15.5, 16.0, 16.5) arc-melted samples

	To identify the atomic distribution in the sample, EDX analysis was carried out and the images are shown in Fig. 4.5. The Si and (Cr,Mn)SiR2R phases are clearly separated. There is no deviation of Cr and Mn distribution in the silicide phase. Homogene...
	Figure 4.5 Surface image of arc-melted sample: (a) SEM image and EDX mapping images of (b) Si, (c) Cr, and (d) Mn, respectively. The white scale bars represent 10 (m
	Figure 4.6 Scanning electron micrograph of the P-doped (CrR0.8RMnR0.2R)RyRSiR100-yR (y = 15.5, 16.0, 16.5) melt-spun samples


	4.3.3 Fabrication and characterization of n-type P-doped Si/CrR0.80RMnR0.20RSiR2
	According to the previous results, we fabricated (CrR0.8RMnR0.2R)R16R(SiR0.99RPR0.01R)R84R eutectic samples. High density bulk samples were prepared by SPS using the powders synthesized by arc-melting and melt-spinning techniques. The relative density...
	Figure 4.7 Powder XRD pattern of P-doped (CrR0.8RMnR0.2R)R16RSiR84 Rsamples

	In the SEM images of Figure 4.8, it is found that the MS2000, MS4000, and the MS4000-SPS samples, which were subjected to melt-spinning, have finer microstructure than of the comparative AM-SPS sample. Quantitatively looking at the eutectic intervals,...
	Figure 4.8 Scanning electron micrograph of the P-doped (CrR0.8RMnR0.2R)R16RSiR84R samples (a) AM-SPS, (b) MS2000, (c) MS4000, and (d) MS4000-SPS

	Figure 4.9 shows the temperature dependence of Seebeck coefficient, electrical resistivity, and power factor for AM-SPS, MS4000 and MS4000-SPS samples. The sign of the Seebeck coefficient was negative for all the samples and in the measured temperatur...
	Figure 4.9 Temperature dependence of (a) Seebeck coefficient, (b) electrical resistivity, (c) power factor for P-doped (CrR0.8RMnR0.2R)R16RSiR84R samples

	Regarding the temperature dependence, the absolute Seebeck coefficient decreases around 500 K. It is not seen for doped Si phase, hence that temperature dependence is caused by thermal carrier excitation in the (Cr,Mn)SiR2R phase as seen in Figure 4.3...
	By comparing AM-SPS with MS4000-SPS of the bulk samples, AM-SPS have slightly lower Seebeck value. This is considered due to evaporation of a tiny amount of dopant element of P at the MS process. Observing at the temperature dependence of Seebeck coef...
	The thermal conductivity of MS4000 at room temperature and the temperature dependence of the two bulk samples are shown in Figure 4.10. CRPR for CrR0.8RMnR0.2RSiR2R measured by DSC is shown together. The fitted curve for CRPR is expressed by following...
	,𝐶-𝑃.=0.5321+8.027×,10-−4.𝑇−7.992×,10-−7.,𝑇-2.+36.02,𝑇-−2. (J/gK).   (2)

	The value is used to calculate CRPR of the composite samples. Thermal conductivity of the ribbon samples MS4000 has relatively large variance, caused by non-uniformity of the sample thickness and structure size. The average value for MS4000 is about 1...
	Figure 4.10 Temperature dependence of specific heat capacity for CrR0.8RMnR0.2RSiR2R sample and thermal conductivity for P-doped (CrR0.8RMnR0.2R)R16RSiR84 Rsamples. The error bar for MS4000 shows standard deviation from 7 ribbon samples. The open symb...

	The temperature dependence of ZT in each sample is shown in Figure 4.11. MS4000-SPS sample shows the highest ZT among other samples in whole temperature range. The ZT increases with temperature, the maximum value of 0.054 is obtained at 773 K. The val...
	Figure 4.11 Temperature dependence of ZT for P-doped (CrR0.8RMnR0.2R)R16R(SiR2R)R84R sample


	4.4 Conclusion
	Using the melt-spinning method at the eutectic composition, we successfully fabricated a ribbon-like lamellar structure n-type Si-(Cr,Mn)SiR2R composites with a spacing range of 20–40 nm. The appropriate Cr/Mn ratio and the correct eutectic compositio...

	4.5 Reference

	Thermoelectric Properties of n-Type BiSb/InSbR REutectic Alloy Fabricated by Melt-Spinning and Spark Plasma Sintering Technique
	5.1 Introduction
	Both bismuth (Bi) and antimony (Sb) are semimetals from group V metals with a similar crystal structure of AR7R structure (rhombohedral) of R,3.m space group [1]. BiR100-xRSbRxR alloys form a solid solution over the entire composition range because Bi...
	Recently, we have synthesized nanometer-sized semiconductor eutectic composite using the MS method combined with subsequent spark plasma sintering (SPS) process for Si-CrSiR2R semiconductor system [16,17]. Very fine microstructure was obtained using b...
	Figure 5.1 Pseudobinary phase diagram of the BiSb–InSb system


	5.2 Experimental Procedures
	As starting materials, Bi (5N), In (3N) and Sb (3N) were used to prepare a master ingots with a nominal composition of (BiR0.88RSbR0.12R)R90R(InSb)R10R. The material have been carefully weighted out with the stoichiometric and loaded in the silica tub...
	The samples phase identification was characterized by powder X-ray diffraction (XRD) analysis using an X-ray diffractometer (Ultima IV, Rigaku Co.) with Cu Kα radiation at room temperature. The microstructure of all the sample was observed using a fie...

	5.3 Results and discussion
	Fig. 5.2 shows the powder XRD patterns for the QM, MS and SPS samples. The powder XRD pattern confirms that all the patterns were well consistent with those of Bi and InSb. As shown in the Bi-Sb peaks, a simultaneous shift to higher angle was observed...
	Figure 5.2 Powder XRD pattern of (BiR0.88RSbR0.12R)R90R(InSb)R10 Rsamples

	The peak width of the XRD pattern is noticeably broadened in the MS2000 and MS4000 samples as compared with the other SPS samples, indicating that melt-spinning technique forms the very fine microstructure. The XRD peaks sharpen for MS2000-SPS and MS4...
	Figure 5.3 Surface image of MS4000-SPS sample: (a) SEM image and EDX mapping images of (b) In, (c) Sb, and (d) Bi, respectively. The white scale bars represent 5 μm

	To identify the atomic distribution in the sample, EDS analysis was carried out for MS4000-SPS sample and the images are shown in Fig. 5.3. The Bi-Sb alloy and InSb phases are clearly separated and the elements are homogeneously distributed in each ph...
	In the SEM images of Fig. 5.4, it is found that the MS2000-SPS and MS4000-SPS samples, which were subjected to melt-spinning, have finer microstructure than of the comparative QM-SPS sample. Although grain growth occurred during the sintering process,...
	Figure 5.4 Scanning electron micrograph of the (BiR0.88RSbR0.12R)R90R(InSb)R10 Rsamples (A) QM-SPS, (b) MS2000-SPS, and (c) MS4000-SPS.

	Fig. 5.5 shows the temperature dependence of Seebeck coefficient S, electrical resistivity (, and power factor PF for BiR0.88RSbR0.12R and (BiR0.88RSbR0.12R)R90R(InSb)R10R composite samples. For all the samples and over the entire temperature range, t...
	Figure 5.5 Temperature dependence of (a) electrical resistivity, (b) Seebeck coefficient, (c) power factor for BiR0.88RSbR0.12R and composite samples

	Fig. 5.6 shows the temperature dependence of thermal conductivities. The total thermal conductivity was lowered for the composite samples compared to BiR0.88RSbR0.12R. The sample MS4000-SPS has minimum thermal conductivity among the samples, 30-35% lo...
	Figure 5.6 Surface image of arc-melted sample: (a) SEM image and EDX mapping images of (b) Si, (c) Cr, and (d) Mn, respectively. The white scale bars represent 10 (m

	The temperature dependence of ZT in each sample is shown in Fig. 5.7. MS4000-SPS sample shows the highest ZT among other samples in entire temperature range. The ZT decreases with temperature, the maximum value of 0.23 is obtained at room temperature....
	Figure 5.7 Temperature dependence of ZT for BiR0.88RSbR0.12R and composite samples


	5.4 Conclusion
	We successfully fabricated BiR0.88RSbR0.12R/InSb eutectic alloy and their microstructure and thermoelectric properties were investigated. The power factor reached a maximum value of 2.6 mW/mKP2P at 300 K for the MS4000-SPS sample. Although the ZT is a...

	5.5 References

	Conclusion
	6.1 Summary
	In this thesis, the behavior of eutectic compound were investigated. Polycrystalline sample of p-type Si/CrSi2, n-type Si/Cr0.8Mn0.2Si2, and n-type Bi0.88Sb0.12/InSb eutectic alloy were successfully prepared by melt-spinning based rapid solidification...
	Firstly in chapter III, we demonstrated the fabrication of p-type Si/CrSi2 eutectic alloy based on a self-assembly process. The size of the eutectic microstructure are reduced to the nanometer scaled by using melt-spinning technique. It is noted that ...
	Secondly in chapter IV, we successfully sintered the ribbon sample with spark plasma sintering process and convert the conduction type of p-type Si/CrSi2 eutectic alloy to n-type conduction by doping Si with phosphorous and substitution of chromium at...
	Finally in chapter V, we investigated system with other than Si and silicide which is the n-type BiSb/InSb. The submicrometer-sized composites were successfully obtained. Although, the structure can reduce the thermal conductivity by 35% and slightly ...
	Figure 6.1 Percentage of thermal conductivity accumulation of theoretical Si at 300 K and 1000 K from A. Heng et. al. and current study.

	Through these studies, we confirmed that thermal conductivity can be reduced while preserving the electrical properties using both melt-spinning rapid solidification technique and eutectic phase separation. One more important challenge in the same dir...

	6.2 Future Work
	Fine nanostructure composites was obtained from the new fabrication method. However detailed electron microscopy indicates that grain growth occur in bulk sample during sintering. In the future, I consider that further improvement may be achieved by: ...
	I would like to express my gratitude to Professor Emeritus Shinsuke Yamanaka for his helpful advices, instructive support, kind guidance and valuable counsels on my study. I am grateful to have Associate Professor Dr. Hiroaki Muta as my supervisor for...
	My thankfulness is also extended to Ministry of Higher Education Malaysia and Universiti Malaysia Perlis who provide me the scholarship during my study in Japan. Not forgotten, all members in the laboratory for their helpful advice and encouragement i...
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