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Abstract

Over the past 20 years, thermoelectric materials have received more and more attention due to
dwindling natural resources and inefficient energy conversion systems. In this thesis, focus was
placed on the development of half-Heusler based nanocomposite materials for application in
thermoelectric technology. Half-Heusler alloys were chosen as our research focus due to its
environmentally friendly nature, cheap elemental constituents, and their robust mechanical
stability relative to other thermoelectric materials. Half-Heuslers with 18 valence electrons are
narrow band gap semiconductors with large Seebeck coefficients. Detrimentally, however, the
thermal conductivity can reach ~ 10 Wm™K™. In order to improve the thermoelectric properties
of half-Heusler, two main strategies were applied. The first strategy is to increase mass
fluctuation or point defects in the sample during solid-state reaction. The second strategy is to
add a doping element to tune the carrier density or other phases to form additional phonon

scattering centers.

This work focuses on the effects of (1) the full-Heusler (FH) second phase, (2) heavy
doping via Sb substitution at Sn sites, and (3) band gap engineering through Ge substitution at Sn
sites on the electronic and thermal properties of half-Heusler (HH) matrices with composition
Tig1ZrogNiSn. Additionally, (4) the concept of energy filtering at HH/FH interfaces on
Zro.25Hfo 75Ni14xSn1.yShy composites with varying doping levels is investigated. And lastly, (5)
we explore the effect of varying chemical composition of the FH inclusions on the electronic and
thermal properties of HH phases. This is achieved by the reaction of elemental Co with

polycrystalline powder with composition Zrg 2sHfo 75NiSn.



CHAPTER 1

INTRODUCTION

1.1 Motivation and outline of the thesis

The development of materials (thermoelectric materials) suitable for the conversion of waste heat
into electricity has received widespread interest in recent years as an alternative renewable
energy technology. The performance of thermoelectric materials is measured by the
dimensionless figure of merit, ZT = 6S®T/x, where o is the electrical conductivity, S is Seebeck
coefficient, T is the absolute temperature and « is the thermal conductivity 2.

Two main approaches are currently used to optimize the figure of merit of thermoelectric
materials. The first focuses on the enhancement of the power factor (PF = 6S%) by tuning the
carrier density and mobility through chemical substitution and doping. The second strategy
consists of reducing the thermal conductivity (k) by enhancing phonon scattering within the
materials. There are two main strategies to reduce the thermal conductivity by enhanced phonon
scattering. The first strategy consists of increasing mass fluctuation or point defects in the sample
during solid-state reaction 1. The second consists of adding doping or other phase in the
sample to form additional phonon scattering centers %!, However, strategies to simultaneously
improve the electrical conductivity and Seebeck coefficient are not clear and need more

[11]

innovative research ideas and studies In our study, we explore full-Heusler (FH)



nanoparticles coherently embedded in the half-Heusler (HH) matrix and its effect on the thermal
conductivity as well as Seebeck coefficient and carrier mobility of various HH/FH
nanocomposites using the concept of phonon scattering and energy filtering of charge carriers at

the HH/FH interfaces.

We will start in Chapter 1 with a short review of various concepts that are fundamental in
thermoelectric materials research to enhance the thermoelectric figure of merit (ZT). This will
include the development and catalogue of thermoelectric materials. Details of the synthesis
methods and techniques used for characterization (structural and physical) and evaluation of the
electronic and thermal properties are described in Chapter 2. Chapter 3 explores the large
enhancements of thermopower and carrier mobility in quantum dot engineered bulk
semiconductors with general composition Tig1Zro9Ni«xSn. The addition of excess Ni element
into the HH matrix (Tip1ZrooNiSn) generates FH nanophases coherently embedded in the HH
matrix. The band gap difference between FH nanophase and HH matrix produces an energy
filtering effect. Electrical and thermal transport properties are discussed taking into account the
contribution of HH/FH interfaces to the carrier energy filtering and phonon scattering. In Chapter
4 we expand the investigation to the effect of FH nanophase on the electronic and phonon
transports in Sh-doped Tig1ZrogNi1+xSNnoe75Shoo2s Nanocomposites. The aim is to discuss the
effect of the energy potential at the HH/FH interfaces on the transport of extrinsic carrier
introduced through substitution of Sb at the Sn sites. Chapter 5 reports on the thermoelectric
properties of Ge doped n-type TixZri-xNiSngg75Geg025 half-Heusler alloys. The effects of (1)
mass fluctuation due to the intermixing of Zr/Ti and Sn/Ge at the same atomic position and (2)
nanostructuring arising from the phase segregation into Ti-rich and Zr-rich phases, on the

thermal conductivity are discussed. In addition, discussion on the effect of band gap engineering



through isolelectronic substitution of Sn and Ge on the electronic transport properties of the
synthesized phases is presented. In Chapter 6, we probe the effect of the potential barrier, at the
HH/FH interfaces, on the transport of extrinsic carriers in ZrgsHfo 75Ni1+xSni.yShy HH matrix
with decreasing doping level. The objective is to deeply analyze and understand the relationship
between the energy filtering effect at the interface of FH/HH phases and the doping level. In
heavily doped samples, the extrinsic carrier concentration depends on concentration of Sb dopant
as well as the fraction of extrinsic carriers contributed by metallic FH phases. Therefore, it is
anticipated that the extrinsic carriers in such heavily doped nanocomposites form an impurity
band with a broad energy range. Under these conditions, the fraction of extrinsic electrons
transmitted across the HH/FH interface is related to the height of the potential energy barrier,
which in turn is related to the average size range of the FH nanophase. Chapter 7 investigates the
thermoelectric properties of ZrgsHfo7sNiSn HH matrix with excess Co element. Unlike the
previous HH/FH composites in which the FH phase contains similar elements with the HH
matrix and only different in stoichiometry, the vacancy in this system is filled by an
heteroelement, Co, to produce Co-containing FH phase with composition Zrg,sHfo 7sNiCoSn.
Such manipulation of the chemical composition of the FH phase using Co instead of Ni could
help engineer the energy offset of the conduction band minima (CBM) at the HH/FH interfaces
and/or introduce a p-type dopant into the HH matrix. The effect of this chemical manipulation of
the composition of the FH phase on the electronic and thermal transport properties for the
resulting composites is discussed. Chapter 8 concludes this dissertation with the summary of the

current studies.



1.2 Seebeck Effect and Peltier Effect

Thermoelectric materials can directly convert heat to electrical energy under certain temperature
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Figure 1.1 Schematic representations of the Seebeck effect
(a), Peltier effect (b) and thermoelectric module (c).

gradients. In thermoelectric
research, two key phenomena,
the Seebeck effect and the
Peltier effect, play the most
important roles in  their
application. As shown in
Figure 1.1(a)™, when a heat
resource is placed on one side
and a cold resource is on the

other side, an electrical

current can be created. This is known as the Seebeck effect >4, Inversely, when an electrical

voltage is applied through a circuit of interconnected p and n type thermocouple (Figure 1.1(b))

using an external power source, one side will become hot and other side will be cold. This is

known as the Peltier effect. Based on these two effects, several p-n junctions can be connected

with each other to create a thermoelectric module (Figure 1.1(c)). These thermoelectric modules

can be applied in industrial waste heat conversion and vehicle-heating systems such as power

generation or refrigeration.



1.3 Development of thermoelectric materials
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Ideal thermoelectric materials are phonon-

glass/electron-crystal (PGEC) materials with a

large  Seebeck coefficient, low thermal

conductivity and high crystal-like electrical

[15-17] The effectiveness of

conductivity
thermoelectric materials is characterized by the
dimensionless thermoelectric figure of merit, ZT
= S%T/x, where S’ is the power factor™™?,
According to this equation, ZT can be optimized
by increasing the Seebeck coefficient and

electrical conductivity, while simultaneously

decreasing the thermal conductivity. However, it is very difficult to adjust these properties in

such a trend. Figure 1.2 shows the relationship between carrier concentration and different

thermoelectric properties™. When the carrier concentration increases, electrical conductivity and

thermal conductivity would increase which results in a reduction in the Seebeck coefficient.

Although the correlations between various transport parameters make ZT optimization difficult

to control, many thermoelectric materials with ZT >1 could be discovered ™8 . They include

materials systems such as Bi;Tes™ 2 siGel?*) and PhTel*? .



1.4 Half-Heusler intermetallic alloys

Figure 1.3 Comparison of the half-Heusler and full-Heusler crystal structures. (A) half-
Heusler alloys (TMX) crystallize in the faced centered cubic (fcc) MgAgAs structure
type (space group: F-43m) with half of the tetrahedral position vacant. Upon filling the
vacant tetrahedral position with an additional M element, the corresponding full-
Heusler phase (TM2X) crystallizing in the cubic MnCu2Al structure-type (SG: Fm-
3m) is obtained (B).

As a member of the family of thermoelectric materials, half-Heusler (HH) alloys are
suitable for energy conversion at 700K and above, which is close to most industrial waste heat
sources!?® 2621 HH alloys represent a fascinating large class of intermetallic phases with general
composition TMX (T and M are transition metal or rare-earth metals and X is a main-group
element) and crystallize in the MgAgAs structure type (space group: F-43m). Their structure can
be described as consisting of four interpenetrating fcc (face-centered cubic) sublattices of T, M
and X atoms occupying the crystallographic positions (0,0,0 ), (1/4, 1/4, 1/4) and (1/2, 1/2,1/2),
respectively, whereas the fourth (3/4, 3/4, 3/4) position is vacant ?**%. Upon filling the empty
site, (3/4, 3/4, 3/4), within the structure of a HH (TMX) with an additional M atom, one directly
generates the related ternary full-Heusler (FH) phase with general composition TM,X (Figure
3.1)[4' 311 While this conversion of a HH structure to the related FH generally induces only a
marginal increase (2 to 5%) in the unit cell parameter, drastic changes in the crystal symmetry
occur when switching from the non-centrosymmetric cubic MgAgAs structure type (SG: F-43m)
to the centrosymmetric cubic MnCu,Al structure-type (SG: Fm-3m). This spontaneous and

reversible change in the crystal symmetry upon varying the chemical composition makes the HH

6



and FH compounds, two distinct classes of structurally related materials exhibiting dissimilar

physical and chemical properties specific to each class &7 320,

Although, these fascinating two families of compounds have been treated separately over
the past several decades, the ability to interchange between the HH and FH structure upon
addition or removal of M atoms (at the (3/4, 3/4, 3/4) site) enables the atomic-scale manipulation
of the properties (chemical, physical, mechanical, electrical, optical etc) of one material by the
other %1, Half-Heusler (HH) alloys play an important role in the search for high efficiency
thermoelectric materials because of their moderate thermopower and electrical resistivity > #2,
In addition, half-Heusler phases are chemically and thermally stable (melting above 1470K with
almost no sublimation at temperatures below 1270K); they are easy to prepare in large-scale
quantities using conventional solid-state synthesis techniques. They also involve cheap, abundant,

lightweight and environmentally friendly elements. These advantages make HH materials

suitable for large-scale utilization in high temperature energy conversion devices 617261

Half-Heusler compounds with 18 valence
20

Na__ Pb_SbTe .
i o electrons are narrow band gap semiconductors
MNano-BiShTe bTe/PbS
12 PbygsTloeaT® 1 with large Seebeck coefficients and effective
K
2ol NS Nanon-sice | | mass "8 Uher et al. showed that ZrNiSn has a
S | -
g
] n-SiGe large Seebeck coefficient in the range of -170 to

=
n

.....
- =

-210 uV/K at room temperature!? and Poon,S.J.,

00— et al.®also obtained a large Seebeck coefficient

Temperature (C)
Figure 1.4 The relationship between figure | Of about -400 uV/K at room temperature.

of merit ZT and temperature for various )
thermoelectric materials. However, the drawback of HH compounds is

their inherently high thermal conductivity. For example, the thermal conductivity of MNiSn and
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MCoSb (M= Ti, Zr, Hf) are on the order of 10 Wm™K™ at room temperature!? >4 Therefore,
the main research effort in developing superior HH compounds is to optimize synthesis methods
or techniques to produce materials with significantly reduced the thermal conductivity, while

simultaneously keeping a high power factor.

1.5 Energy filtering Effect

The observed large ZT values are often credited to drastic reductions in the total thermal
conductivity arising from the scattering of a broad phonon spectrum at matrix/nanoinclusions
interfaces and at grain boundaries with various length scales ™ %2721 However, the high density
of interfaces (phase boundaries and grain boundaries) within the semiconducting matrix arising
from the nanostructuring generally leads to large reductions in the carrier mobility offsetting the
benefit of a large reduction in total thermal conductivity. Recently, the concept of band-
engineering at the matrix-nanoinclusions interfaces has been introduced as an effective strategy
to achieve efficient electronic transport simultaneously with large reductions in the lattice
thermal conductivity of bulk nanostructured semiconductors 2> 77172 This concept exploits
structural similarities between the matrix and inclusion phases to create matrix/inclusion
interfaces with arrangements (aligned or offset) of their valence band (VB) and/or conduction
band (CB) favorable to efficient carrier transport. For instance, a small mismatch between unit
cell dimensions is necessary to achieve the formation of coherent matrix/inclusion phase
boundaries, while a similarity in the positional distribution of at least one type of atom within
both structures (matrix and inclusion) is expected to increase the degree of similarity between the
electronic band structure of both phases facilitating their suitable arrangement at their interface.
Minimal disruption of the electronic transport and in few cases even some enhancements in the

8



carrier mobility and thermopower, have been reported in such bulk nanostructured materials®" 1%
32, 70-71 7381 Eor example, we have recently observed that large enhancements in the carrier
mobility and thermopower can be achieved simultaneously with large reductions in the thermal
conductivity in both n-type and p-type half-Heusler alloys when nanometer scale FH

nanostructures are coherently embedded within their matrices ¥ 782,



CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Synthesis

All composites were synthesized either via solid-state reaction of the elements in a regular tube
furnace or induction melting. Mechanical alloying was also applied to reduce the impurity and

grain size in order to further decrease thermal conductivity.

2.1.1 Solid-State Synthesis

The nanocomposites with general composition Tig1Zrg9Niy+xSn, Tig.1Zro.9Ni1+xSNg.975Sb0.025,
Zro.25Hfp 7sNiSN1Sby and Zrg 25Hfo 75sNiCoxSn were synthesized by solid-state reaction of high
purity (99.99%) elemental powders in the desired ratio. The elemental powders were thoroughly
mixed using an agate mortar and pestle under an inert Ar atmosphere, and the resulting activated
powder mixture was then sealed into a quartz tube under a residual pressure of 10 Torr and
subsequently heated at 300 and 900 °C for 3 and 7 days, respectively. The heat profile was
separated into two steps in order to decrease the evaporation of Sn element, which melting point

is lower than that of Ti, Zr, Ni, Sn and Ge.
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2.1.2 Induction Melting

Induction melting is an efficient rapid heating non-contact method for synthesizing alloys, metals
and electrically-conductive materials. The main working parts of an induction heating system
include an induction power supply and work coil. The work coil is water-cooled, and does not
touch the sample when heat is produced in the sample. This method can be applied in metals
such as steel, copper, aluminum or semiconductors. For our composites, the melting point of
most elements is above 1000°C. So it is difficult to melt these elements in the normal tube
furnace and will take a long time. However, the induction melting can heat elements in the
temperature range from 100 °C to 3000 °C in a short time!®®! . So the induction melting is a good

choice to synthesize FH/HH composites.

_______ -* Magnetic Fleld
' Feedback System

Induced Current In Part Current In Coll

=l —an— =

Part

Typical Induction l I Fixturing
Heating Setup

Figure 2.1 (A) Picture of the induction heating system in our lab; (B) The working principle
of induction heating system and the work coil.

The principle of induction melting is shown in Figure 2.1, In the induction heating system, the
alternating current (AC) on the work coil creates an electromagnetic field. The sample as the
secondary of the transform is loaded into this field; the heat is produced due to eddy current
heating. In this process, the work coil induces current flow in the sample, which is the main

reason for heating in the electromagnetic field. The operating frequency for induction melting

11



depends on the size of the sample and the material it is made from® . In the synthesized
composites TixZr1.xNiSngg75Geo 025, induction melting was used under two different operating
frequencies and durations. In the first step, a low operating frequency, 350 kHz, was used for 1
min in order to reduce the evaporation of Sn element. This step is repeated 2 times. After that,
the operation frequency was increased to 720 kHz for 20 sec. This step was repeated 3 times to

improve homogeneity of the melt.

2.1.3 Mechanical Alloying

In order to reduce thermal conductivity, reduction in the grain size is a simple and effective
method. Ball milling has been applied in the synthesis process of thermoelectric composites
since the 1960s®! . The mechanical alloying approach utilizes two types of ball milling systems:
the low-energy planetary ball-milling and the high-energy shaker ball-milling (Figure 2.2). The
planetary ball milling can mix and ground powder at the same time. The grain size of composites
can be reduced from several hundred micrometers to below a hundred micrometers. By utilizing
high-energy shaker ball-milling, the grain size of composites can be decreased to the nanometer
scale facilitating the formation of large quantity nanoparticles. From the commercial point of
view, high-energy ball milling is usually combined with hot pressing to generate low thermal
conductivity nanoparticles in a short time. From a research point of view, this combined method
is used to synthesize composites with different elements and doping levels®®® . Furthermore, bulk
pellets with high densification can be obtained through the ball milling and hot pressing
processing techniques. For example, the densification of the hot pressed nanocomposites can

reach 98%®”1 which is comparable than that of the single crystalline materials®®® % |

TiZr1-xNiSng 975Geg 025 composites were synthesized by mechanical alloying using high-

energy shaker ball milling. The powder composites were loaded into a stainless-steel jar with

12



stainless-steel balls using a SPEX Sample Prep Mixer/Mill. In order to prevent oxidization, the
stainless-steel jar is filled with Ar atmosphere. The milling time depends on the type of mill
used, the intensity of milling, the ball-to-powder ratio, and the temperature of milling.
Contamination will increase when the time of milling increases *!. So according to these factors,
the ball-to-powder weight ratio of 1:4 was used for the synthesis of the composites, and the time
of milling was kept constant at 2 hr.

After mechanical alloying, the activated powders were consolidated into a pellet at 950 °C under

100 MPa using a uniaxial hot pressing.

Figure 2.2 Pictures of ball milling: (A) Planetary ball milling, and (B) high energy
ball milling.

2.2 Structural Characterization
The crystalline structure and internal structure play important roles in the material properties.

The nanoparticle dispersion, size and phase fraction can bring more details to the analysis and

13



understanding of changes in the thermoelectric and physical properties in the synthesized
composites. In this section, some of the structural characterization techniques used will be

summarized.

2.2.1 Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) is a basic way to characterize the phase purity of crystalline
structures. For our composites, powder X-ray diffraction (PXRD) patterns were collected on a
rotating anode Rigaku powder diffractometer operated at 40 kV and 100 mA using

monochromatic Cu Ka radiation.

2.2.2 High Resolution Transmission Electron Microscope
High-resolution transmission electron microscopy (HRTEM) enables imaging of materials on the

atomic scale. All composite samples in our research were examined under the standard HRTEM

(JEOL 3011). Samples for HRTEM were prepared

Specimen using grinding/polishing and focused ion beam

(FIB). For the grinding/polishing method, a small
piece sample was cut from selected pellets. Then
this small piece sample is glued on grinding tool™®”
(Figure 2.3) and polished using sand paper with

Figure 2.3 Picture of TEM sample | different roughness. As the thickness of the sample
grinding tool in our lab.

is polished to 3.5 microns, a grid is used to move

the sample out from polishing tool. The resulting sample is loaded into the SEM/FIB for ion-

milling as part of the final thinning proceduret® .
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2.2.3 Scanning Electron Microscope

Scanning Electron Microscope can provide the information of a sample’s surface topography and
composition using a focused beam of electrons. For the TixZrxNiSngg75Geo 25 compounds,
SEM was used to analyze the phase separation and composition. The BSE image of TiyxZr;.
xNiSnge75Gep 025 showed a two-tone contrast indicating Ti-rich and Zr-rich phases. Energy
dispersive spectrometer (EDS) attached to the SEM system provides the information on the

composition. From the analysis of the EDS spectra, no impurity or other elements were observed.

2.3 Thermoelectric Properties Characterization

Thermoelectric properties such as thermal conductivity, Seebeck coefficient, electrical

conductivity and Hall Effect were measured on various HH/FH composites.

2.3.1 Thermal Conductivity

Thermal conductivity is the capacity of a material to conduct heat, which depends on
temperature. Thermal conductivity can be calculated by k = ACpp, where A is the thermal
diffusivity, C, is the heat capacity, p is the density. In our research, the laser flash method
(Linseis, LFA 1000) was applied to measure the thermal diffusivity. In the measurement process,
one side of the disc shape sample is exposed to a laser burst leading to an increase of the surface
temperature. A liquid-nitrogen-cooled detector measures the temperature rise on the other side of
the pellet. The thermal diffusivity is then computed from the heat flow versus time. The thermal
conductivity is calculated using the thermal diffusivity data. The thermal conductivity of various
HH/FH samples in this study was measured from room temperature to 500 °C under dynamic

vacuum (~ 10° Torr). The instrument precision on thermal diffusion data is + 5%.
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2.3.2 Seebeck Coefficient and Electrical Conductivity

The Seebeck effect, Thomson effect and Peltier effect are three basic phenomena observed in
thermoelectric materials. Based on these effects, thermoelectric materials can directly convert
heat to electric energy. When a temperature gradient is applied to a circuit with two dissimilar
conductors, a voltage between A and B is produced (Figure 2.4 A). The Seebeck coefficient is
defined as the instantaneous rate of the Seebeck effect to temperature, S = AV/ATP, The Peltier
effect produces an inverse effect to the Seebeck effect. When a voltage is added to the circuit, the

temperature difference will form (Figure 2.4 B).

A B
A | |
T R Jj THAT  T-AT T+AT
—
Figure 2.4 Scheme to (A) The Seebeck effect; and (B) the Peltier effect

Based on the definition of the Seebeck effect, the instrument ZEM-3 (Figure 2.5) was invented to
simultaneously measure the Seebeck coefficient and electrical resistivity. The measured sample
is vertically loaded between two blocks in the furnace. When the lower block heats the sample,
the temperature gradient is formed. The Seebeck coefficient is measured using the upper and
lower temperature T; and T,, and the thermal electromotive force dE comes from the
thermocouples. Electrical resistivity was being measured through a four-terminal method. When
a constant current, I, is applied to both ends of sample, the electrical resistivity can be measured

through a voltage drop dV between the thermocouples® .
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In this work, the Seebeck coefficient and electrical conductivity were simultaneously

measured from room temperature to 500°C under a low pressure He atmosphere using a

commercial ZEM-3 system from ULVAC-RIKO. The instrument precision on the Seebeck

coefficient and electrical conductivity data is +4%.
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Figure 2.5 The principle of ZEM-3.
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2.3.3 Hall Coefficient

The Hall coefficients data were measured in the temperature range from 300K to 775K under the

magnetic field of 1T using a large Oxford air-bore superconducting magnet cryostat that

accommodates a small tubular oven and a Hall insert!®. The instrument uncertainty on Hall

coefficient data is £5%.
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CHAPTER 3

LARGE ENHANCEMENTS OF THERMOPOWER AND
CARRIER MOBILITY IN QUANTUM DOTS ENGINEERED
BULK SEMICONDUCTORS

3.1 Objective

Here, we show that the thermopower and carrier mobility (p) within a bulk
semiconducting half-Heusler (HH) matrix with known composition (Tig1Zro9)NiSn (constant
carrier density), are gradually enhanced by embedding in a coherent fashion, various fractions of
full-Heusler (FH) quantum dots (QDs) within the crystal lattice of the HH matrix. The endotaxial
formation of the FH quantum dots within the HH matrix was confirmed by transmission electron
microscopy (TEM) studies. Using electrical conductivity and Hall effect data, we demonstrate
the effectiveness of quantum dots in tailoring the effective charge carrier density, mobility and
effective mass (m*) within the bulk HH matrix. The concept of carrier culling at the HH/ FH-QD
conduction bands minima offset energy, AE, is introduced as a rational mechanism by which the
embedded FH-QDs alter electronic transport within the HH matrix. A gradual decrease in the
effective carrier density and an increase in the effective mass with increasing content of the FH-

QD resulted in a drastic increase in the thermopower, whereas a simultaneous large increase in
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the carrier mobility minimizes the drop in the electrical conductivity leading to an unprecedented
enhancement of the power factor (PF). This ability to enhance the power factor of thermoelectric
materials using coherently embedded quantum dots coupled with the reduction in thermal
conductivity via nanostructuring strategy opens up new ways to design atomic-scale structurally
engineered counterparts of existing n-type and p-type thermoelectric materials with drastically

enhanced figures of merit.

3.2 Results and Discussion

3.2.1 Fabrication and Characterization of Quantum Dots Engineered HH Semiconductors

Quantum dots (QD) engineered half-Heusler (HH) semiconducting composite materials
consisting of Tig1ZrogNiSn (HH) matrix with various mole fractions of quantum dots (QDs) with
full-Heusler (FH) structure (nominal composition Tig1Zro9Ni>Sn) coherently embedded within
the crystal lattice of the HH matrix was achieved by direct solid-state reaction of a mixture of
high purity elemental powders of Zr, Ti, Sn and Ni in the desired stoichiometry, at 900 °C for
seven days. The mole ratio of Zr, Ti, Ni and Sn is calculated to form a pure HH phase, and
various amount of excess elemental Ni (0 at.%, 2 at.%, 4 at.% and 10 at.%) is added to the initial
mixture to program a simultaneous partial solid state transformation of the resulting HH phase
into a FH structure according to reaction (1). Structural characteristics of the resulting
Tip1Zro9Niz+xSn nanocomposites were investigated using X-ray powder diffraction (XRD) and
transmission electron microscopy (TEM). XRD data (Figure 3.1A) of the as-synthesized
Tip1Zro9NizSn (X = 0.02, 0.04 and 0.1) materials suggested the formation of a single phase HH

product as all diffraction peaks were indexed in the cubic MgAgAs structure type (space group:
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F-43m). No additional peak that could be assigned to the anticipated FH secondary phase or to
any other impurity phase could be observed on the diffractions patterns, even for samples with
the expected FH mole fraction of up to 10% (x = 0.1). This suggests according to reaction (1) the
formation of FH precipitates that are on the order of atomic to nanometer scale and do not form
aggregates large enough to diffract. Alternatively, the absence of additional peaks on the XRD
patterns may indicate the formation of impurity phases that are soluble within the HH matrix.
However, the unit cell parameter of the HH matrix in various Tig1Zrp9Ni1+xSn (x = 0.02, 0.04
and 0.1) materials refined using diffraction peaks from the XRD patterns showed a constant
value (Table 3.1) suggesting that the composition and structure of the HH matrix remain

unchanged upon addition of various fractions of excess elemental Ni.
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Figure 3.1 Structural characteristic of Ti0.1Zr0.9Ni1+xSn nanocomposites. (A) XRD patterns of
the as-synthesized Tip1Zro9Nii+xSn materials showing only diffraction peaks of the pure half-
Heusler (HH) phase. No additional peaks corresponding to the anticipated full-Heusler (FH)
secondary phase could be observed. (B) Low-magnification image of the nanocomposite with x
= 0.04 showing FH nanoparticles with broad size distribution (10 nm to 60 nm) coherently
embedded inside the HH (Tig1Zro9NiSn) matrix. (C) High magnification image of a typical
nearly spherical FH nanoparticle (quantum dot) from the nanocomposite with x = 0.1, showing
detailed lattice structure. No noticeable strain is observed at the interface between the particle
and the matrix suggesting endotaxial insertion with minimal lattice distortion of the FH particle
within the HH matrix. (D) High magnification image of the HH matrix showing its excellent

crystallinity and selected-area electron diffraction pattern (inset of D) indicating the FCC
structure of the HH matrix.

To further assess the compositional stability of HH matrix in various Tig1ZrogNiz+xSn (x = 0.02,
0.04 and 0.1) composites, careful analysis of the atomic fraction of Ti, Zr, Ni and Sn in various
specimens was performed using wavelength dispersive spectroscopy. The atomic fraction of

various elements (Ti, Zr, Ni, Sn) in each specimen (Table 3.1) was calculated by averaging thirty
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data points collected from various locations on the specimens. For each sample, the observed
atomic fraction of Ti, Zr, Ni, and Sn is within £ 2 at.% of the expected nominal matrix
composition (Ti: 3 at.%; Zr: 30 at.%; Ni: 33 at%; Sn: 33 at.%). The nearly constant values of the
atomic fraction of Ti, Zr, Ni and Sn observed in various specimens strongly indicate that the
chemical composition of the HH matrix remains constant in the synthesized Tig1Zrp9Ni1+xSn

composites, in accord with the chemical equation (1).

0.1Ti+0.9Zr + (1+x) Ni + Sn — (1-X) Ti 0121 9.9NiSn (HH) + XTig1ZrooNi>Sn (FH) (l)

Table 3.1: Wavelength dispersive spectroscopy (WDS) elemental analysis of the matrix
composition in Tig1ZrpgNiz+xSn samples, and unit cell parameter of HH matrix

) Ni Sn Unit cell
Ti Zr
. . . . parameter (A)
Sample (at.%) (at.%) (at.%) (at.%)

Matrix (x = 0) 1.8 30.3 33.0 34.6 6.095(4)

HH (98%)/FH (2%) 1.8 30.7 32.7 34.8 6.115(8)
(x=10.02)

HH (96%)/FH (4%) 1.7 31.0 32.9 34.6 6.098(4)
(x=0.04)

HH (90%)/FH (10%) 1.8 30.5 33.3 34.5 6.104(5)
(x=0.1)

To probe the presence of the FH secondary phase within the synthesized nanocomposites and
also to determine their characteristics (average size, size distribution and morphology), high

resolution transmission electron microscopy (HRTEM) study was performed on selected
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specimens. TEM images from the sample containing 4 at.% excess Ni (Tig1Zrp9Nis04Sn), which
corresponds to a nanocomposite system consisting of 96 mole% HH and 4 mole % FH
(96%HH/4%FH), reveal that the FH precipitates have nearly spherical morphology with size
ranging from 10 to 60 nm (Figure 3.1B). The spherical shape of the nanodots suggests
endotaxial nucleation of the precipitate seed crystals within the HH crystal lattice followed by
their isotropic growth. Careful inspection of a high magnification image of a typical nanoparticle
(Figure 3.1C) from the sample with an 10 at.% excess Ni (Tig1Zro9Niy1Sn), reveals that the
precipitates are single crystalline spherical particles with average diameter of ~29 nm. No
noticeable strain was observed at the phase boundary between the particle and the HH matrix.
The absence of strained domains at the matrix/ inclusion interface suggests close structural
relationships (e.g. similarity in the lattice constant) between both phases as well as a high level of
coherency between lattice planes in both crystals. High magnification TEM images of a portion
of the HH matrix (Figure 3.1 C and D) showed its excellent crystallinity with lattice parameter of
~ 0.62 nm and selected-area electron diffraction pattern (Figure 3.1 D, inset of D) confirmed that
it is fcc structure. Therefore, we predict based on the above structural details as well as on the
chemical equation (1) that the observed precipitates are full-Heusler nanodots (quantum dots).
Observation of spherical shaped FH nanodots and their high lattice coherency with the HH
matrix suggests a co-nucleation and growth of both HH and FH seed crystals during the solid-
state reaction from the mixture of elemental powers. Under this synthesis condition, high
similarity in the composition and atomic arrangement within the HH and FH structures favors
competing formation of the two phases. Therefore, the composition and structure (FH or HH) of
seed crystals nucleating at various locations within the reaction mixture depend on the local

stoichiometry (Zr:Ti:Ni:Sn ratio). The volume fraction of seed crystals with FH structure and
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composition depend on the amount of excess Ni (x) used in the starting mixture. Because only a
small excess of Ni (x = 2%, 4% and 10%) was used in this study, the largest fraction of seed
crystals nucleating in the reaction mixture are of HH structure. Therefore, large grains with HH
structure containing small domains with FH structure coherently embedded in the HH grain are
expected. The formation of such HH/FH composites grains likely arises from the merging of
several neighboring seed crystals with HH composition and structure surrounding a small
fraction of seed crystals with FH composition and structure. This growth mechanism is
facilitated by the three dimensional structural similarity between the FH and HH structure which
also favors endotaxial growth of spherically shaped FH inclusions within the HH matrix leading
to the formation of coherent HH/FH interfaces within the composites. This formation mechanism
is consistent with the characteristics of the precipitates observed from TEM studies. The final
size and dispersion of the FH inclusions within individual grain of the polycrystalline powder of
HH/FH composite strongly depend on the population density of FH seed crystals as well as their
proximity within the reaction mixture. Because of the relatively facile interchange between HH
and FH structures through solid state Ni diffusion into available vacant sites of the HH structure,
the concentration gradient of Ni atoms between FH seed crystals and the surrounding HH
crystals as well as the large number of available vacant sites in the HH crystals is likely the
driving force for Ni diffusion within individual grains of the HH/FH composite. Through this Ni
diffusion process, small unstable FH seed crystals within an individual grain of the HH/FH
composites, separated by relatively short distances, can migrate and merge into larger and more
stable FH particles (Figure 3.1B). This co-nucleation and growth mechanism can therefore lead
to HH/FH composite grains in which FH inclusions with sizes as small as 2nm to 3nm (3 to 5

unit cells of FH) are coherently integrated within the surrounding HH matrix. The resulting
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highly coherent atomic-scale phase boundaries between the HH matrix and the FH inclusion
allow a close crystallographic registry between both structures. These coherent phase boundaries
between the matrix and inclusion phases (Figure 3.1C) are expected to promote the transfer of

charge carriers across the matrix/inclusion interfaces.
3.3.2 Electronic Transports in Quantum Dot Engineered HH Semiconductors

3.3.2.1 Carrier Density

Figure 3.2A to D show the high temperature electronic transport properties of Tig1ZrogNiSn (HH)
materials containing various mole fractions of the FH nanostructures embedded within the HH
matrix. At 300K, the density of charge carriers in the Tig1ZrooNiSn (HH) matrix is ~ 6 x
10"/cm? (Figure 3.2A). This value of the carrier density decreases to ~5.2x 10'%/cm?® at 300K,
upon addition of 2 at.% excess elemental Ni in the starting mixture, which corresponds to the
formation of Tig1Zro9Niy02Sn bulk nanocomposite containing 98 mol % HH and 2 mol % FH
(98%HH/2%FH) according to eq 1. Increasing the excess of elemental Ni to 4 at.% results in a
larger decrease of the carrier density (57%) at 300K within the corresponding 96%HH/4%FH
nanocomposites. In the 90%HH/10%FH, a 70% reduction in the carrier density is observed at
300 K when compared to that of the pristine of Tig1ZrogNiSn (HH) matrix. Careful analysis of
temperature dependent carrier density curves for various Tig1Zro9NizxSn (HH(1-x)/FH(x))
nanocomposites revealed some difference in their shape. For the nanostructure-free composition
(x = 0), the carrier density remains almost constant up to 550 K. This behavior is typical for
extrinsic semiconductors. As the content of FH nanoinclusion increases, the carrier density
becomes progressively more temperature dependent. It should be noted that, regardless of the
temperature, the carrier density within the (HH(1-x)/FH(x)) remains lower or equal to the

Tip1Zro9NiSn (HH) matrix carrier density. Although the gradual increase in the carrier density
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with temperature observed for the (HH(1-x)/FH(x)) nanocomposites is similar to the behavior
typically expected for doped semiconductors, the fact that the overall carrier density within the
HH(1-x)/FH(X)) nanocomposites at a given temperature remains lower than that of the
Tiga1ZrooNiSn (HH) matrix indicates that no additional carriers were added to the existing
ensemble of carriers within the Tig1ZrogNiSn (HH) matrix upon embedding the FH
nanostructures. Such reductions in the carrier concentration of the HH/FH composite could be
associated with a gradual increase in the band gap of the HH matrix with increasing FH content.
However, this simple explanation is not consistent with the thermopower data in which the
gradual decrease in the temperature of maximum thermopower with increasing FH content
suggests a reduction in the band gap of the HH matrix (Figure 3.2B). Therefore, the traditional
doping concept is not applicable in this system and an alternative mechanism that accurately

describes the observed data must be explored.
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Figure 3.2 Temperature dependent electronic transports in quantum dots engineered
Tip1Zro9NizxSn n nanocomposites. (A) carrier density; (B) Thermopower; (C) electrical
conductivitv: (D) carrier mobilitv.

The systematic gradual decrease in the carrier density in Tig1Zrp9NixSn (HH(1-x)/FH(X))
nanocomposites with increasing mole fraction of the FH phase is quite surprising. It is well
known that the introduction of large metallic inhomogeneities such as full-Heusler (FH) phases
into a semiconductor such as the half-Heusler (HH) alloys generally lead to electronic doping of
the semiconducting HH matrix by the FH inclusion phase resulting in drastic increases in the

carrier density . However, the observed decrease in the carrier density in Tig1Zrp9Nii+xSn
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(HH(1-x)/FH(x)) nanocomposites with increasing mole fraction of FH inclusions is consistent
with our recent results from the Bi-doped HH(1-x)/FH(x) (0 < x < 0.1) (HH =
Zro.25HTp 7sNiSNg 975Big.025) Systems . Drop in the carrier density with the increasing FH content
in Bi-doped HH(1-x)/FH(x) (0 < x < 0.1) was ascribed to the formation of energy barriers, AE, at
the HH-matrix/FH-inclusion interfaces, which act as an energy filter for conduction electrons
within the HH matrixL” . Here, we use a similar mechanism to rationalize the electronic transport
data observed in Tip1Zro9Ni1+xSn nanocomposites. The gradual increase in the carrier density
with temperature observed in the HH(1-x)/FH(x)) nanocomposites can be associated with some
forms of charge carriers “culling” within the conduction band (CB) of the Tig1ZrogNiSn (HH)
matrix, based on their relative energy distribution (e.g. low energy carrier versus high energy

carrier), using the embedded FH nanostructures.
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Figure 3.3 lllustrations of the HH and FH band structures alignment at the HH/FH interfaces.
(A) Molecular orbital diagram of full-Heusler (TNi,Sn) generated from that of half-Heusler
phase (TNiSn) upon insertion of elemental Ni into vacant tetrahedral site. Comparison of the
HH and FH molecular orbital diagrams reveals energy offset of both the valence band
maxima (VBM) and the conduction band minima (CBM) leading to nanometer scale type-II
(staggered gap) heterojunctions at the HH/FH interface. The conduction band energy offset,
AE, acts as an energy filter for conduction electrons within the HH matrix. (B) Proposed
mechanism of the filtering of low energy electrons (from CB of HH) at the potential barrier,
AE, (reducing effective carrier density) and spatial separation of high-energy electrons
(within CB of FH) from ionized-impurities at nanometer scale HH/FH heterojunctions. Cyan
and orange colors represent distributions of low and high-energy electrons at temperatures T1
and T2 (T2 > T1) within the CB of the HH matrix.

As depicted in Figure 3.3A, the band structure of the FH phase is related to that of the HH
phase with similar chemical composition and only differs by the presence of a partially filled
band with Ni character on top of the FH valence band (VB). This additional partially filled band
pushes the valence band maxima (VBM) and the conduction band minima (CBM) of the FH
inclusion to higher energy compared to that of the corresponding HH phase. Therefore, one can
anticipate the formation of a type-ll (staggered gap) heterojunctions at the nanometer scale

HH/FH interfaces within the Tig1Zro9Niz+xSn (HH(1-x)/FH(x)) nanocomposites (Figure 3.4B).
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The energy offset, AE, between CBM in both the HH and FH phases acts as an energy filter for
conduction electrons within the CB of the HH matrix. The heights of the energy barrier, AE,
depends on the position of the CBM of the FH inclusion, which in turn, under quantum
confinement regime, depends on the size of the FH nanoinclusion. Therefore, the relative
reductions in carrier density measured in various Tig1ZrogNi+xSn (HH(1-x)/FH(x))
nanocomposites at 300 K correspond to the fraction of low energy conduction electrons from the
CB of the HH matrix trapped by the potential barrier, AE, at the HH/FH interfaces. The gradual
increase in the carrier density with temperature observed in Tig1Zrp9Nii+xSn (HH(1-xX)/FH(x))
nanocomposites can thus be attributed to “low energy”(LE) carriers, which are trapped at the
energy barrier around 300K, gradually overcoming the AE potential barrier due to thermal
excitation. The fraction of LE electrons trapped by the potential barrier increases with the
population density of HH/FH interfaces within the Tig1ZrooNi+xSn (HH(1-x)/FH(X))
nanocomposites, but also decreases with increasing size of FH nanostructures (decreasing AE).
Under our synthesis conditions, increasing the percentage of excess elemental Ni atoms in the
starting compositions can lead to the formation of: (1) a large number of small FH quantum dots
with narrow size distribution or (2) a mixture of small and large FH quantum dots. This explains
the observed irregularities in the drops of carrier density within the Tig1Zro9NizSn (HH(1-
x)/FH(x)) nanocomposites when going from the 4 at.% excess elemental Ni to the compositions

with 10 at.% excess Ni (Figure 3.2A).

3.3.2.2 Thermopower

The above described FH quantum dots induce changes in the effective carrier density within the
Tig1ZrogNiSn (HH) matrix as well as their temperature dependence, are also expected to result in

large alterations of the thermopower of Tig1ZrogNiz«Sn (HH(1-x)/FH(X)) nanocomposites
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(Figure 3.2B). All Tip1Zrp9NipSn (HH(1-x)/FH(x)) nanocomposites showed negative values of
the thermopower in the measured temperature range, suggesting electrons as the majority charge
carriers. At 300 K, the thermopower values of Tig1Zro9Ni1+xSn nanocomposites increase from -
78 uVI/K (for x = 0) to -94 nV/K (for x = 0.02). This corresponds to about 20% increase in the
thermopower of HH(98%)/FH(2%) nanocomposite compared to the Tig1ZrogNiSn (HH) matrix.
The room temperature values of the thermopower further increase to -118 pV/K (for x = 0.04)
and -235 puV/K (for x = 0.1), which correspond to ~50% and ~200% enhancements, respectively,
when compared to the thermopower value of the Tig1Zrp9NiSn (HH) matrix at 300K. Regardless
of the composition, the absolute values of the thermopower of Tig 1Zro 9Ni+xSn nanocomposites
increase with rising temperature, reaching maximum values at 775K (x = 0), 700K (x = 0.04),
and 600K (x = 0.1) and slowly decrease thereafter with further increase in temperature. Although
the observed increase in the thermopower with increasing mole fraction of FH content seems to
be consistent with the decreasing carrier density, the decrease in the temperature of maximum
thermopower of the Tig1ZrogNizxSn nanocomposites with increasing FH content suggest a
decrease in the band gap which should normally lead to a increase in the carrier density. In
addition, careful examination of both the temperature dependent carrier density (Figure 3.2A)
and thermopower (Figure 3.2B) plots revealed anomalous changes in the magnitude of
thermopower upon altering the carrier density within the Tig1Zrp9Ni+xSn (HH(1-x)/FH(X))
nanocomposites using FH quantum dots. For instance, the thermopower value of
HH(90%)/FH(10%) nanocomposite (x = 0.1) at 300K is twice that of the HH(96%)/FH(4%)
nanocomposite, despite their very similar carrier density. This behavior is maintained regardless

of the temperature. Also, it is observed that the thermopower value of the HH(98%)/FH(2%)
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nanocomposite at 700K is almost equal to that of the Tig1ZrogNiSn (HH) matrix despite the

noticeable difference in their carrier density at the same temperature.

To fully understand these surprising changes in the thermopower upon alteration of the
effective carrier density of the Tig1Zro9Niz+Sn (HH(1-x)/FH(x)) nanocomposites using FH
quantum dots, we have constructed Pisarenko plots describing the relationship between the
thermopower and carrier density for each of the Tig1ZrogNixSn (HH(1-x)/FH(X))
nanocomposites, S = [(8n(ks)?)/3eh’]m T (r/3n)?? (ks is the Boltzmann constant, e is the carrier
charge, h is the Planck’s constant, m’ is the effective mass of the charge carrier, T is the absolute
temperature, n is the carrier concentration), assuming parabolic bands and an energy independent
relaxation time® (Figure 3.4A) . Under these assumptions, the thermopower at a given
temperature can be described by a unique value of the effective mass (m*). Figure 3.4A shows
the Pisarenko plots (S versus n) at 300K for various Tig1Zrg9NizxSn (HH(1-x)/FH(x))
nanocomposites. No single value of the effective mass that allows fitting of all the data could be
obtained, suggesting that the embedded FH quantum dots, in addition to reducing the effective
carrier density within the Tig1ZrogNiSn (HH) matrix, also significantly alter its electronic band
structure close to the Fermi level. This is confirmed by large variations in the carrier effective
mass (m*) values extracted from the fitting of S(n) curves under the approximation of the
parabolic bands and an energy independent relaxation time for each Tig1Zrp9Niy+xSn (HH(1-
X)/FH(x)) nanocomposite. At 300K, the values of the effective mass are m* = 0.6, 0.62, 0.5 and
0.8 for Tig1ZrogNixSn (HH(1-x)/FH(x)) nanocomposite with x = 0, 0.02, 0.04 and 0.1,
respectively (Figure 3.4A). The observed changes in the carrier effective mass (m*) with

increasing mole fraction of FH quantum dots in the Tig1Zro9NiSn (HH) matrix, explain very well
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the large difference between the thermopower values of the HH(90%)/FH(10%) (x = 0.1) and

HH(96%)/FH(4%) (x = 0.04) nanocomposites, despite their very similar carrier density.
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Figure 3.4 Pisarenko plot and temperature dependence of the thermoelectric performance of
Tip1Zro9NizxSn nanocomposites. (A) Pisarenko plot showing large enhancements of the
thermopower (S) due to simultaneous decrease in carrier concentration and increase in the carrier
effective mass (m*) with increasing excess Ni. Temperature dependent (B) Power factor; (C)
Lattice thermal conductivity; and (D) thermoelectric figure of merit (ZT) of HH(1-x)/FH(x) bulk
nanocomposites (x= 0; 0.02; 0.04; 0.1).

An increase in the effective mass is generally associated with an increase in the energy band gap,
Eq %% Indeed, the plot of the temperature dependent carrier density of various Tig1ZroeNiz+xSn

(HH(1-x)/FH(x)) nanocomposites suggests the presence of a potential barrier (AE) at the HH/FH
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interfaces and the trapped electrons must know gained sufficient energy to overcome this barrier
in order to participate to the electrical conduction. The addition of the potential barrier AE
corresponds to an increase in the band gap of the HH/QD nanocomposites compared to the HH
matrix, since an electron from the valence band (VB) of the HH matrix will now need higher
thermal energy to overcome both the intrinsic energy gap (Ey) of the pristine HH matrix and the
added potential barrier (AE), in order to participate to the electrical conduction. Therefore, the
“apparent” band gap of the HH/QD nanocomposite can be expressed as Eqwriop) = E(cam-qp) —
Eem-tH) = Egnny + AE (where Ecam-gpy and Eqvem-ny are the energies of the conduction band
minima for the FH QD and the valence band maxima for the HH matrix. Noting that the decrease
in the thermopower of various Tig1ZrogNi+xSn nanocomposites at high temperatures can be
ascribed to electron-hole compensation arising from thermal excitation of electrons from the
valence band (VB) to the conduction band (CB) of the HH matrix, a reduction in the temperature
of maximum thermopower of Tig1Zro9NixSn nanocomposites with increasing FH content
suggests a reduction in the band gap, which not in alignment with the observed change in the
carrier density. One possible explanation of this anomalous behavior can be obtained by
considering thermal excitation of electrons from the VB to the CB within the FH inclusions
occur and at lower temperature as the size of the FH inclusion increases. For instance, an
increase in the excess of elemental Ni in the HH matrix can result in the formation of a large
number of FH inclusions with a slightly larger average size. The increase in the size of the FH
inclusions corresponds to a decrease in the band gap of the FH inclusion and therefore reduction

in the energy required to excite electrons from the VB to the CB of FH.

From the analysis above, one can conclude that embedding FH quantum dots into a

semiconducting HH matrix, results in a new material with distinct electronic band structure,
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when compared to that of the HH matrix. This means that the embedded FH quantum dots
become an integral part of the atomic structure of the HH matrix. This is consistent with the
absence of FH diffraction peaks in the XRD patterns of the synthesized HH(1-x)/FH(x) material
(Figure 3.1A). The electronic characteristics (e.g. band gap, carrier density and carrier effective
mass) of the resulting HH(1-x)/FH(x) material strongly depend on the mole fraction, average size
and distribution for FH quantum dots within the semiconducting HH matrix. The drastic positive
changes in the electronic properties (S, n and m*) of the bulk HH matrix associated with the
atomic-scale integration of FH quantum dots, sharply discriminate this novel method of
enhancing the electronic transport of a bulk semiconducting matrix from the traditional doping
strategy where the alteration of carrier density generally maintains the carrier effective mass
more or less constant. The ability to simultaneously decrease the carrier density and increase the
carrier effective mass within the Tig1Zro9NiSn (HH) matrix, using FH quantum dots lead to
thermopower enhancements superior in magnitude compared to values expected from similar

alteration in the carrier density using simple doping methods (Figure 3.4A).

3.3.2.3 Carrier Mobility

The mobility of charge carriers, in a conventional semiconductor is related to the relaxation time,
7, between scattering events (phonon-electron scattering, ionized-impurity scattering and
electron — electron scattering, etc.) and the carrier effective mass (m’) by the equation p =
e(t/m”). Therefore, the above described alteration of the effective mass of the HH matrix upon
embedding the FH quantum dots is expected to significantly alter the carrier mobility within the
resulting Tip1Zrp9NizSn (HH(1-x)/FH(X)) nanocomposites (Figure 3.2D). Assuming constant
relaxation time, t, the carrier mobility p; in various Tig1ZrogNipSn (HH(1-x)/FH(x))

nanocomposites can be related to the carrier mobility po in the HH matrix by the simple relation
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Mi = Mo (M*o/m*;) (m*, is the carrier effective mass in the HH matrix and m*; is the carrier
effective mass in a given (HH(1-x)/FH(x)) nanocomposite). At 300K, the carrier mobility
slightly decreases from po = 50 cm?/V-s for the Tio1Zro.oNiSn (HH) matrix to p; = 45 cm?/V-s for
the HH(98%)/FH(2%) nanocomposite. This 10% reduction in the mobility can be associated
with the small increase in the carrier effective mass in the HH(98%)/FH(2%) sample, assuming a
constant relaxation time, t. Upon increasing the mole fraction of FH quantum dots to x = 0.04,
the carrier mobility in the resulting HH(96%)/FH(4%) nanocomposite drastically increases to 70
cm?/V-s. The observed carrier mobility is 16% larger than the value p; = 60 cm?/V/-s expected for
constant relaxation approximation. Therefore, the observed large increase in the carrier mobility
within the HH(96%)/FH(4%) nanocomposite can be attributed to both an increase in the
relaxation time and a reduction in the carrier effective mass (Figure 3.4A). Further increase in
the mole fraction of FH quantum dots to x = 0.1 results in a reduction of the room temperature
value of the carrier mobility to 53 cm?/V-s due to a large increase in the carrier effective mass
(m* = 0.8). However, the observed carrier mobility in the HH(90%)/FH(10%) nanocomposite is
still 41% higher than the p; = 37.5 cm?V-s value expected from constant relaxation time
approximation, suggesting a large increase in the relaxation time (t), simultaneously with the
increase in the effective mass within the HH(90%)/FH(10%) nanocomposite. The carrier
mobility in all Tig1Zro9Ni1+xSn (HH(1-x)/FH(x)) nanocomposites decreases almost linearly with
rising temperature. An increase in the relaxation time within the Tip1ZrogNipSn (HH(1-
X)/FH(X)) nanocomposites can be attributed to the drop in the effective carrier density arising
from the trapping at 300K, of low energy carriers by the potential barrier, AE at the HH/FH
interfaces (Figure 3.3B). Such reduction in the effective carrier density implies a reduction in the

frequency of electron-electron collisions leading to a larger relaxation time between scattering
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events. However, this reduction in the frequency of electron-electron collisions alone does not
explain why the observed carrier mobility within the HH(90%)/FH(10%) nanocomposite is 41%
larger than the expected value, whereas in the HH(96%)/FH(4%) nanocomposite, the observed
carrier mobility is only 16% higher than the expected value, although both HH(90%)/FH(10%)
and HH(96%)/FH(4%) nanocomposites have similar carrier densities. This suggests that
additional contributing factors such as charge carrier — ionized impurity scattering and charge
carrier scattering by structural defects (dislocations, vacancies) play a significant role in the

alteration of the relaxation time within Tig1ZrooNii+xSn (HH(1-x)/FH(X)) nanocomposites.

3.3.2.4 Electrical Conductivity

The above described alterations of the magnitude and the temperature dependence of carrier
density and mobility within the bulk semiconducting Tig1ZrogNiSn (HH) matrix induced by
coherently embedded FH quantum dots inside its atomic structure, drastically change the
semiconducting behavior of the Tig1ZrogNi1+xSn (HH(1-x)/FH(X)) nanocomposites. For instance,
the electrical conductivity of the Tig1Zro9NiSn (HH) matrix decreases with rising temperature
from 480 S/cm at 300K, reaches a minimum of 320 S/cm at 680K and increases thereafter with
further increase in temperature (Figure 3.2C). This behavior is typical of heavily doped
semiconductors in which intrinsic excitations set in at higher temperature, above about 650 K in
this case. A similar trend is observed in HH(98%)/FH(2%) and HH(96%)/FH(4%) samples
except that the minima in the conductivity occur at lower temperatures of 580 K and 450 K,
respectively. The HH(90%)/FH(10%) nanocomposite displays the intrinsic-like semiconducting
behavior (o rises with T) in the entire temperature range measured. This indicates that the nature
of the carrier transport in Tig1ZrooNizSn (HH(1-x)/FH(x)) nanocomposites change from that of

a heavily, extrinsic-doped semiconductor to an intrinsic semiconductor-like behavior with the
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increasing mole fraction of FH quantum dots in the Tig1ZrogNiSn (HH) matrix. At room
temperature, as a function of FH content, the electrical conductivity decreases from 480 S/cm to
370 S/cm, to 280 S/cm, and finally to 150 S/cm for 0, 2%, 4%, and 10% FH concentrations in the
HH matrix, respectively. The observed drop in the electrical conductivity of Tig1ZrogNizxSn
(HH(1-x)/FH(x)) nanocomposites at 300 K with the increasing mole fraction of FH quantum dots
can be rationalized by the large decrease in the carrier density (Figure 3.2A). This gradual
change of the conducting behavior towards an intrinsic” semiconductor-like regime with the
increasing mole fraction of the FH quantum dots, suggests a gradual increase in the energy band
gap (Eg) of the Tig1ZrggNi1+xSn (HH(1-x)/FH(X)) nanocomposites. The apparent increase in the
energy band gap of Tip1Zro9Ni1+xSn (HH(1-x)/FH(x)) nanocomposites and the observed changes
in the carrier effective mass strongly point to profound alteration of the electronic band structure
of the Tip1ZrooNiSn (HH) matrix by the embedded FH quantum dots leading to a new and
fundamentally distinct material. The observed fast increase in the electrical conductivity of
Tip1ZrogNizxSn (HH(1-x)/FH(x)) nanocomposites with temperature results from the nearly
exponential increase in the carrier density and the linear decrease in the mobility with increasing
temperature. This temperature dependence of the carrier density and mobility leads to a marginal
(15%) decrease in the electrical conductivity of Tig1ZrogNipxSn (HH(1-x)/FH(x))

nanocomposites at high temperatures (Figure 3.2D).

3.3.2.5 Power Factor

The large enhancements (up to 200% at 300K) of the thermopower at all temperatures and the
observed minimal reduction (15%) in the electrical conductivity at high temperatures discussed
above, result in large improvements in the power factor (PF = GSZ) of Tip1ZrpgNipSn (HH(1-

X)/FH(x)) nanocomposites (Figure 3.4B). At 300K, the power factor of the Tig1ZrooNiSn (HH)
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matrix is 300 uW/K’m and slowly increases with temperature to 750 uW/K”m at 780K. Only
marginal change in the power factor is observed for the HH(98%)/FH(2%) nanocomposite
compared to the Tig1ZrooNiSn (HH) matrix. Upon increasing the mole fraction of FH quantum
dots to 4 mole%, the power factor of the resulting HH(96%)/FH(4%) nanocomposite increases
from 390puW/K?m at 300K to 1150 pW/K?m at 780K, which corresponds to ~ 53% increase at
780 K when compared to the Tig1ZrogNiSn (HH) matrix. The largest enhancement of the power
factor was obtained for the HH(90%)/FH(10%) nanocomposite. At 300K, a power factor value
of 850uW/K?m was observed. As the temperature increases, the PF of the HH(90%)/FH(10%)
nanocomposite rapidly rises to a maximum value of 1960 pW/K?m at 780 K. This represents ~
160% enhancement when compared to the PF of the Tig1ZrooNiSn (HH) matrix. This large
enhancement of the power factor of the HH(90%)/FH(10%) nanocomposite at 780 K arises from
the observed 70% increase in the thermopower and a marginal (15%) decrease in the electrical

conductivity.

Another interesting finding in this study is the ability of the embedded FH quantum dots
to scatter thermal phonons to reduce the thermal conductivity of the synthesized Tig1Zro gNiz+xSn
(HH(1-x)/FH(x)) nanocomposites. Figure 3.5C shows the temperature dependence of the lattice
thermal conductivity (x.) obtained by subtracting the electronic component x, from the total
thermal conductivity, k. k. = LooT was estimated using the Wiedemann-Franz law where the
Lorenz number taken as its fully degenerate value of L,=2.45 x10® WQK™. The lattice thermal
conductivities of the Tip1ZrogNir+xSn (HH(1-x)/FH(x)) nanocomposites at all temperatures
decrease with the increasing mole fraction of the FH quantum dots. For instance, the lattice
thermal conductivity of the Tig1ZrogNiSn (HH) matrix at 300K is 12.6 Wm™K™ and gradually
decreases to 9.05 Wm™K™ for HH(90%)/FH(10%) nanocomposite  (Figure 3.4C). This
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corresponds to a ~30% reduction in the lattice thermal conductivity at 300K. Regardless of the
composition, the lattice thermal conductivity monotonically decreases with increasing
temperature (Figure 3.4C). At 775 K, the lattice thermal conductivity of Tig1ZrpoNiSn (HH)
matrix decreases down to 6.56 Wm™K™ whereas that of the HH(90%)/FH(10%) nanocomposite
drops to 4.75 Wm™K™, which corresponds to a 23% reduction when compared to that of the HH
matrix (Figure 3.4C). The observed reductions in the thermal conductivities of the
Tip1Zro9NizSn (HH(1-x)/FH(X)) nanocomposites are attributed to the enhancement of thermal
phonons scattering by the multiple nanometer scale HH/FH phase boundaries introduced by the
insertion of FH quantum dots within the HH matrix, in addition to the mid- to long-wavelength

phonons scattering at grains boundaries .

The simultaneous large enhancements in the power factor and the associated reductions
in the lattice thermal conductivity of Tig1ZrogNizSn (HH(1-x)/FH(x)) nanocomposites, result
in drastic improvements in their thermoelectric figure of merit ZT when compared to the
Tigp1ZrogNiSn (HH) matrix (Figure 3.4D). For instance, starting with a semiconducting
Tig1ZrooNiSn (HH) matrix with ZT ~ 0.08 at 775K, we found that coherent integration of 10
mole% of FH quantum dots within the crystal lattice of the semiconducting HH matrix
dramatically enhances the thermoelectric performance of the resulting HH(90%)/FH(10%)
nanocomposite to ZT~0.28 at 775K, a factor of 3.5 times higher ZT as compared to the

Tig1ZrogNiSn (HH) matrix.
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3. 3 Conclusion

In summary, we found that quantum dots coherently embedded within a semiconducting matrix,
tailor the electronic behavior of existing ensembles of charge carriers within the matrix, leading
to a spectacular increase in the thermopower as well as a large enhancement in the carrier
mobility within the resulting bulk nanocomposite. One plausible rationalization of the observed
data can be obtained by considering that the embedded quantum dot forms a potential barrier at
the matrix/ quantum dot interface due to the offset of their conduction band minima (CBM). This
potential barrier, the height of which increases with the decreasing size of the QD, discriminates
existing charge carriers from the conduction band of the matrix with respect to their relative
energy. Therefore, carriers with energy higher than the potential barrier height (High energy
carriers) are transmitted to the CB of the QD whereas carriers with energy lower than the
potential barrier height are trapped at the matrix/QD interface and require additional thermal
energy to cross the potential barrier. The above described charge carrier culling results in a
reduction of the effective carrier density within the matrix at all temperatures and in their strong
temperature dependence. Furthermore, the addition of a potential barrier at the matrix/QD
interface induces an apparent increase in the band gap of the HH/FH-QD nanocomposites
leading to larger carrier effective mass .The simultaneous decrease in the carrier density and the
increase in the carrier effective mass within the HH/FH-QD nanocomposites yield a drastic
enhancement of their thermopower without a significant alteration of the electrical conductivity.
The marginal decrease in the electrical conductivity is associated with an increase in the carrier
mobility arising presumably from a large increase in the carrier scattering relaxation time which
compensates for the increase in the carrier effective mass. The above results evidently

demonstrate that atomic-scale crystal structure engineering of a semiconductor matrix using
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endotaxially embedded quantum dots drastically enhances the thermopower and carrier mobility
in the composite material. The discovery of this novel approach to enhance thermopower and
carrier mobility is expected to pave the way towards larger figures of merit in thermoelectric

materials intended for high performance energy conversion application.
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CHAPTER 4

ELECTRONIC AND PHONON TRANSPORTS IN Sb-DOPED
Tio_lzro_gNi1+xsn0_9758b0_025 NANOCOMPOSITES

4.1 Objective

In this work, we explore the effect of the HH/FH interfacial potential, AE, on the
electronic transport in heavily doped Tip1Zro9Ni1+xSnge75Shoos (x = 0, 0.02, 0.04, 0.1)
nanocomposites. The formation of the FH nanoinclusions within the HH matrix was confirmed
by high-resolution transmission electron microscopy (HRTEM) studies. We found that the
substitution of Sn by 2.5% Sb results in large increases of the carrier density from ~6x10™ cm™
(Tio1ZrosNiSn) to ~6x10%° cm™ (Tio.1Zro.9NiSno.e75Sboazs). The formation FH precipitates in the
Sb-doped Tig1Zro9NiSngg75Shos matrix maintains the carrier density nearly constant for
composition with x= 0.02 and 0.04 where a large fraction of the FH inclusions are small (< 20
nm) and well dispersed, whereas the clustering for FH inclusions into large particles (20 nm to
100 nm) in the sample with x = 0.1, resulted in a large increase of the carrier density to ~9x10%
cm. Surprisingly, only a marginal change is observed on the thermopower and electrical
conductivity of all Tig.1ZrogNi1+xSng.975Sboo2s (X = 0, 0.02, 0.04, 0.1) samples despite the large
increase in the carrier density observed for the sample with x = 0.1. It is remarkable to note that

the carrier mobility in the samples with x = 0.02 and 0.04 is very similar to the carrier mobility
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of the matrix. The observed constant values of the thermopower and electrical conductivity for
various Tig1Zrp9Ni1+xSNg.975Sbg.025 (X = 0, 0.02, 0.04, 0.1) samples suggests that nanostructuring
through coherent insertion of FH inclusions within the HH matrix does not disrupt electronic
transport resulting in a constant power factor (PF) for various samples. Interestingly, a reduction
in the thermal conductivity was observed for various nanocomposites when compared to the Sb-
doped HH matrix. These results clearly suggest that band engineering through atomic-scale
engineering of the structure and chemistry of the matrix-inclusion interfaces is an efficient
strategy to achieve large reductions in the thermal conductivity of the semiconducting matrix

with minimal disruption of its electronic transports.
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4.2 Results and analysis

4.2.1 Crystal structure and microstructure

Careful analysis of the X-ray diffraction patterns (Figure 4.1A) of the synthesized
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Figure 4.1 Structural characteristic of Tig.1ZrogNiz+xSNo.g75Sb0.025 (X = 0, 0.02, 0.04, 0.1)
nanocomposites. (A) Powder X-ray diffraction patterns showing only peaks corresponding
to the HH matrix. (B) Low magnification TEM image of the sample with x = 0.04,
revealing the presence of spherical FH precipitates embedded in the HH matrix. (C) High
magnification image of a typical FH nanostructure from the sample with x = 0.04 showing
the highly coherent phase boundary with the surrounding HH matrix. (D) Low
magnification TEM image of the sample with x = 0.1 showing high agglomeration of FH
nanostructures into large particles.

Tig12Zro9Ni1+xSNnog75Sboo2s (X = 0, 0.02, 0.04, 0.1) suggested the formation of single phase HH
alloys. All diffraction peaks were indexed in the cubic MgAgAs structure type (space group: F-

43m). No additional peak that could be assigned to the anticipated FH secondary phase or to any
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other impurity phase could be observed on the diffractions patterns, even for samples with the
expected FH mole fraction of up to 10% (x = 0.1). This suggests that the excess elemental Ni
added in the starting mixture is dissolved into interstitial sites in the structure of the HH matrix to
form interstitial solid-solution or are located on the vacant (3/4, 3/4, 3/4) site in the HH structure
to form FH phases that are too small to strongly diffract X-ray radiation. In the event of the
formation of interstitial solid-solution, one should observe a graduate increase in the unit cell
parameter of the HH matrix with increasing excess Ni (x value). However, the refinement of the
unit cell parameter of the HH phase in various Tip 1Zrp9Ni1+xSNg.975Sb0.025 (X = 0, 0.02, 0.04 and
0.1) compositions using diffraction peaks from the XRD patterns showed a constant value (a ~
6.096(2) A) for all samples suggesting that interstitial solid-solution between HH and excess
elemental Ni is unlikely. To investigate the anticipated formation of small precipitates in various
Tio.12Zr0.9Ni1+xSNo.975Sho 025 (X = 0.02, 0.04 and 0.1) samples and to characterize their morphology,
average size and dispersion, high resolution transmission electron microscopy (HRTEM) study
was carried out on selected specimens. A low magnification TEM image of the sample with x =
0.04 is shown in Figure 4.1B. It can be seen clearly that spherical precipitates of the FH phase
with size ranging from < 5 nm to 20 nm are well dispersed within the HH matrix. These FH
precipitates are coherently embedded within the HH matrix (Figure 4.1C) as no obvious strained
domain could be observed at the matrix/ inclusion interface. The spacings between neighboring
lattice planes in the HH matrix and FH inclusions are ~ 0.30 nm and ~ 0.32 nm, respectivelt,
This indicates a coherent alignment of the (200) planes of the HH matrix and FH inclusions at
the matrix/inclusion interfaces. The observed coherent phase boundaries between the matrix and
inclusion phases (Figure 4.1C) are expected to promote charge carrier transfer across the

matrix/inclusion interfaces. Increasing the concentration of excess Ni to x = 0.1 resulted in the
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precipitation and agglomeration of the FH nanophase into large particles with size ranging from

20 nm to 100 nm (Figure 4.1D).

4.2.2 Thermoelectric properties

The temperature dependence of the electronic transport properties of the synthesized
Tig12Zr09Ni1+xSNoo75Shoozs (X = 0, 0.02, 0.04, 0.1), HH(1-x)/FH(X) bulk nanocomposites is
shown in Figure 4.2. At 300K the carrier density of the Sh-doped Tig1Zrp9NiSngg75Sbg 025 HH
matrix is ~ 6.8 x 10° cm™, (Figure 4.2A) which corresponds to 870% increase compared to the
carrier density measured on the undoped Tig1Zro9NiSn sample[3] . This is consistent with the
expected increase in the density of electrons upon substituting 2.5% Sn by Sb in Tig1ZrogNiSn.
The carrier density remains constant in Tig 1ZrogNi1+xSNg.975Sbo.025 Nanocomposites with x = 0.02
(HH(98%)/FH (2%)) and x = 0.04 (HH(96%)/FH(4%)). This suggests that the FH nanostructures
incorporated in the HH (98%)/FH (2%) and HH (96%)/FH (4%) samples are not electronically
active. However, increasing the concentration of excess Ni to x = 0.1 (HH(90%)/FH(10%))
resulted in a 38% increase (~9.4x10%° cm™) in the carrier density when compared to the Sb-
doped matrix. This increase in the carrier density is attributed to electronic doping of the HH
matrix by the FH inclusions. Regardless of the x values, the carrier density remains nearly
constant with increasing temperature, indicating that the synthesized samples are heavily doped

semiconductors.
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Figure 4.2 Temperature dependence of the electronic transport properties of HH(1-x)/FH(x)
bulk nanocomposites (x= 0; 0.02; 0.04; 0.1): (A) thermopower; (B) carrier density; (C)
electrical conductivity; (D) carrier mobility.

To better understand the observed difference in the alteration of the carrier density by the
FH inclusions in HH(98%)/FH(2%), HH(96%)/FH(4%) and HH(90%)/FH(10%), one must take
into consideration the microstructures of various samples. TEM images of the HH(96%)/FH(4%)
and (HH(90%)/FH(10%) samples showed that a large fraction of the FH inclusions in
HH(96%)/FH(4%) are smaller than 20 nm and are well dispersed, whereas in
HH(90%)/FH(10%) sample, the FH inclusions agglomerate in to large particles (Figure 4.1B and
1D). Considering that the FH phase in bulk form is metallic, one would anticipate a gradual

increase in the carrier density with increasing mole fraction of FH inclusions in various HH(1-
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X)/[FH(x) samples due to electronic doping of the semiconducting HH matrix by the FH
inclusions. Therefore, the constant carrier density observed in the HH(98%)/FH(2%) and
HH(96%)/FH(4%) samples indicates that small (< 20 nm) FH inclusions are likely insulating or
semiconducting and upon agglomeration into large ( > 20nm) particles (Figure 4.1D), the bulk
metallic character of the FH phases is recovered. This analysis is consistent with results from our

previous investigations in comparable systems®* 1.
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Figure 4.3 Pisarenko plot of Tig1ZrogNi1+xSnoge75Shoos at 300K and temperature
dependence of the thermoelectric properties of HH(1-x)/FH(x) bulk nanocomposites ( x =
0; 0.02; 0.04; 0.1): (A) Pisarenko plot of Ti0.1Zr0.9Ni1+xSn0.975Sb0.025, shows the
relationship between the thermopower and carrier density at 300 K; (B) power factor; (C)
lattice thermal conductivity; (D) figure of merit (ZT).
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Figure 4.2B shows the temperature dependence of the thermopower in the synthesized
Tio12Zro9Ni1+xSNog75Shog2s  nNanocomposites. All  samples show negative values of the
thermopower in the whole temperature range indicating n-type semiconducting behavior. At
300K the thermopower of the sample with x = 0 (Sh-doped matrix) is ~ -74 uV/K, which is very
similar to the value (~ -78 uV/K) measured for the undoped Tig1Zro9NiSn matrix . Surprisingly,
the thermopower at 300K of various Tig1Zrp9Ni1+xSNg.975S00.025 NAanocomposites remains nearly
constant with increasing x values, despite the 38% increase in the carrier density obtained for the
sample with x = 0.1. Regardless of the composition, the absolute values of the thermopower of
Tio.12Zr0.9Ni1+xSNo 975Sho 025 Nanocomposites increase with rising temperature reaching a value of
~-130 pV/K at 775K. The observed similar values of the thermopower of
Tio12Zr09Ni1+xSNoo75Sho 025 sSamples despite the difference in the carrier density for the sample
with x = 0.1 can be explained by the change in the carrier effective mass (m*). From the
Pisarenko plots (Figure 4.3A) describing the relationship between the thermopower and carrier
density for each of the Tip1ZrogNi«xSnog7sSboos Samples at 300K, S =
[(87°(ks)?)/3eh’Im T(n/3n)*" (kg is the Boltzmann constant, e is the carrier charge, h is the
Planck’s constant, m " is the effective mass of the charge carrier, T is the absolute temperature, n
is the carrier density)® , we observed that the high carrier density of the sample with x = 0.1 is
compensated by an increase in the carrier effective mass m* = 3.5 m,.

The temperature dependence of the electrical conductivity of the synthesized
Tio1Zr0.9Ni1+xSNg.975Sbo 025 Nanocomposites is shown in Figure 4.2C. At 300K the
Tig.1Zro.9NiSng g75Shg 025 (X = 0) matrix displays a large electrical conductivity, ~4200 S/cm. This
corresponds to ~820% increase when compared to the electrical conductivity of undoped

Tip1ZrpoNiSn matrix® . The observed electrical conductivity is consistent with the large increase
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in the carrier density arising from the partial substitution of 2.5% Sn by Sb in Tig1ZrygNiSn. The
electrical conductivity decreases with increasing temperature, which is consistent with heavily
doped semiconducting behavior. Regardless of the x values (fraction of FH inclusions), the
electrical conductivities of all Tig.1ZrogNiz+xSno g75Sho 025 Nanocomposites remain nearly constant
in the temperature range investigated. The observed comparable values of the electrical
conductivities of the samples with x = 0, 0.02 and 0.04 resulted from the similarity in their
carrier density and mobility (Figure 4.2D), whereas for the sample with x = 0.1, the large
increase in the carrier density (Figure 4.2A) is compensated by a decrease in the carrier mobility.
The observed constant carrier mobility in Tig1Zrp9Ni1+xSNo.9755b0.025 Nanocomposites with x =
0.02 and 0.04 is quite surprising and suggests that the embedded FH inclusions do not alter
charge carriers transport at the HH/FH interfaces. The fitting of the temperature dependence of
the carrier mobility of Tio1ZrooNi1+xSnog7sShoozs nanocomposites using the power law T
resulted in A values of 0.84 (x = 0), 0.77 (x = 0.02), 0.74 (x = 0.04) and 0.94 (x = 0.1). The
observed values of the power exponent A suggest that the temperature dependence of the carrier
mobility at high temperature is affected by both acoustic phonon and optical phonon scattering.
Figure 4.3B shows the temperature dependence of the power factor (PF = ¢-S?) of Sbh-
doped Tig.1Zro gNiz+xSho.975Sbo 025 Nanocomposites. At 300K the PF of the Sb-doped HH- matrix
(Tig.2Zro9NiSng g75Sbog25) is ~ 2200 pW/K2~m. This value is six times larger than the value
measured for the undoped HH-matrix (Tig1Zro9NiSn) and is consistent with the large increase in
the electrical conductivity upon Sb doping at Sn sites in the structure of Tig1ZrooNiSn. The PF of
the Sb-doped matrix increases monotonically with rising temperature reaching a value of 4000
uW/K?m at 775K. Interestingly, the insertion of various fractions of FH nanoinclusions in the

Sb-doped  HH-matrix  (Tip1ZrogNiSngg75Sboozs)  maintains  the PF  of  resulting
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Tig.1Zro.9Ni1+xSNg.975Sb0 025 Nanocomposites essentially unchanged at all temperatures (Figure
4.3B). This result is consistent with the observed comparable values of the electrical conductivity
and thermopower of various Tig 1ZrogNi1+xSNo.g75Sho 025 Nanocomposites. It also suggests that the
embedded FH nanoinclusions are electronically inert (i.e. do not significantly alter the effective
carrier density) with regards to the Sb-doped HH matrix and are transparent to charge carriers
leading to marginal alteration of the carrier mobility at the HH/FH interfaces.

The temperature dependence of the lattice thermal conductivity of the synthesized Sbh-
doped Tig1Zro9Niz+xSno.g75Sho 025 Nnanocomposites is shown in Figure 4.3C. At 300K, the lattice
thermal conductivity of the Sb-doped HH- matrix (Tio1Zro9NiSng g75Sbo.025) is ~ 9 W/m-K. This
corresponds to a 30% reduction from the lattice thermal conductivity of the undoped matrix
(Tig.1ZrooNiSn). The observed reduction in the lattice thermal conductivity of Sh-doped matrix at
300K is attributed to the scattering of phonon by mass fluctuation and point defects arising from
the intermixing of Sn and Sb at various Sn sites in the structure of Tig1ZrogNiSn. Interestingly,
additional reductions in the lattice thermal conductivity are obtained through the insertion of
various fractions of FH nanoinclusions in the Sb-doped HH matrix. The lattice thermal
conductivities of the Sb-doped Tig1Zro9Nii+xSnog75Sbo02s Nanocomposites decrease with
increasing temperature reaching a value of 4.4 W/m-K at 775K for the sample with x = 0.04.
This corresponds to 27% reduction when compared to the lattice thermal conductivity of the Sb-
doped HH matrix (Tio1Zro9NiSngg7sShoo2s) at 775K. We attribute the observed large reductions
in the lattice thermal conductivity of Tig1ZrogNi1+xSnoge7sShoozs nanocomposites at high
temperatures to enhanced phonon scattering at multiple HH/FH coherent interfaces dispersed

throughout the Sh-doped HH matrix.
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Figure 4.3D shows the temperature dependence of the figure of merit, ZT, of various
Tio.12Zr0.9Ni1+xSNo 975Sbo 025 Nanocomposites. The ZT value of ~ 0.05 was obtained at 300K for the
Sb-doped HH matrix. However, upon increasing the temperature, the ZT values of the sample
rapidly increase to ~ 0.3 at 775 K. This value is four times higher than the ZT ~ 0.08 measured
for undoped HH matrix. The observed increase in the ZT is due to the optimization of the
electronic properties through Sb doping at Sn sites in the structure of Tig1ZrogNiSn. The
reduction in the lattice thermal conductivity of Sb-doped HH matrix, while maintaining the PF
essentially unchanged achieved by introduction of coherent FH inclusions within the
Tio12Zr09NiSngg755b0.025 Matrix resulted in an additional 13% increase in the overall ZT of the

Tio.12Zr0.9Ni1+xSNo 975Sho 025 NAnocomposites.

4.3 Conclusion

In summary, we have demonstrated the ability to combine in a HH semiconducting matrix with a
given chemical composition, a large enhancement in the electronic properties (electrical
conductivity and thermopower) using substitutional chemistry (Sb doping) with a significant
reduction in the thermal conductivity via nanostructuring to drastically increase the figure of
merit of the resulting HH nanocomposites. The key to this interesting independent manipulation
of the power factor and lattice thermal conductivity of heavily doped HH(1-x)/FH(X)
nanocomposites lies in the unique possibility of HH and FH compounds with similar chemical
composition to form structurally coherent phase boundaries and suitable alignment of the their
valence bands and conduction bands at the HH/FH interfaces. These essential structural and
electronic features of the HH/FH interfaces enable efficient carrier transfer across, while

blocking the propagation of thermal phonon. From our earlier work on undoped Tig1ZrogNiSn
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HH matrix, we found that the introduction of coherent FH nanoinclusions resulted in large
decreases in the effective carrier density due to the filtering of low energy carriers at the HH/FH
interfacial potential energy . As a consequence, large increase in the thermopower and carrier
mobility was observed for the resulting HH/FH nanocomposites simultaneously with large
reductions in the lattice thermal conductivity. However, results from the current study show that
under heavily doped conditions where the electronic conduction is likely controlled by a large
fraction of extrinsic carriers with energy higher that the potential barrier at the HH/FH interfaces,
the effect of filtering of low energy intrinsic carriers at the HH/FH interfaces on the overall
carrier density of the sample is marginal. As a consequence, the thermopower and carrier
mobility remain unchanged upon introduction of coherent FH nanoinclusions in a heavily doped
semiconducting HH matrix. This explains the observed constant value of the PF for samples with
various fractions of FH inclusions. It derives from the present work that one can efficiently
reduce the thermal conductivity of heavily doped HH semiconductor using coherent FH
nanostructures with marginal alteration of the PF. Such strategy can be easily applied to

optimized HH matrices to further increase their thermoelectric figure of merit.
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CHAPTER 5

THERMOELECTRIC PROPERTIES OF GE DOPED N-TYPE
Tixzrl_xNisn0_975Geo_oz5 HALF-HEUSLER ALLOYS

5.1 Objective

Most studies in n-type MNiSn HH systems are focused on the intermixing of two or three
elements at the M site, or the substitution of Sn by a small amount of a heavier element, such as
Sb or Bi, to enhance phonon scattering™ %%, However, studies exploring mass fluctuation at
both M and Sn positions in MNiSn HH alloys are scarce. In this work, we explore the effect of
band gap engineering through isoelectronic substitution of Sn by Ge and mass fluctuation arising
from the intermixing of Ti and Zr on the thermoelectric properties of TixZr1-xNiSng.g75Geg 025 (X =
0, 0.1, 0.15 and 0.25) composites synthesized by induction melting of the elements followed by
mechanical alloying using high energy shaker ball milling. All samples were consolidated under
the same condition using a uniaxial hot pressing system. Scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HRTEM) revealed the presence of Ti-rich
and Zr-rich phases in bulk ingots obtained from composition with x = 0.25. We found that the
substitution of 2.5% Sn by Ge in Tig.1Zro9NiSngg75Geo 025 led to large reduction in the thermal
conductivity and marginal change in the electrical conductivity and thermopower. This markedly

differs from the effect of Sh-doping at Sn sites (Tip1ZrooNiSngg75Sboo2s), Where significant
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increase in the electrical conductivity and large reduction in the thermopower was observed!%%.
In addition, we found that increasing Ti concentration in TixZr1xNiSngg75Geg 25 resulted in a
simultaneous increase in the thermopower and additional reduction in the thermal conductivity.

This large reduction in the thermal conductivity of TixZr1xNiSngg75Geg 25 IS attributed to the

introduction of mass fluctuation at both M

and Sn sites in MNiSn HH alloys.
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large Zr (155 ppm) atoms by smaller Ti (140 ppm) atoms in the ZrNiSn structure. This result is

consistent with previous studies® % 121

. Figure 5.1B shows the change in the lattice
parameter of all samples, after heat treatment, with increasing Ti concentration. The calculated
lattice parameters slightly deviate from Vegard’s law, which suggests the formation of multiple
phases. This analysis is supported by the broadening of the (2 2 0) peak with increasing Ti
concentration, which also indicates intrinsic phase separation into Ti-rich and Zr-rich phases
(Figure 5.1A).

Figure 5.2A shows a back-scattered electron (BSE) SEM image of a specimen cut from a pressed

pellet with nominal composition Tig25Zrp75NiSngg75Geo 25 indicating the presence of two

(a) distinct phases within the

Ti-rich Htghase

bulk material. The light
Zr-rich HH phase
gray area is attributed to
Zr-rich (heavy element)
B e o | HH phase, whereas the
dark gray area is believed
to be Ti-rich (lighter
element) HH phase. This

result is also consistent

) ) with the broadening of (2
Figure 5.2 Electron microscopy study of

Tio_25Z|’0_75Nisno_g75Geo_oz5 (X =0, 0.1, 0.15 and 025) composites. 2 0) peaks1 which
(A) Back scattering electron (BSE) of SEM image, showing
micron size Ti-rich phase in Zrrich matrix; (B) low | syggests the coexistence
magnification TEM image, showing 10 nm Ti-rich phase
embedded inside Zr-rich matrix; (C) high magnification TEM | of two HH phases with
image, showing the crystallization of the Ti-rich nanophase ; (D)
selected area electron diffraction (SAED) pattern, indicating the | sjmilar lattice parameters
fce structure of Zr-rich HH matrix.
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(Ti-rich and Zr-rich HH phases). It is interesting to note the formation, for the sample with x =
0.25, of nanometer-scale phases within the matrix, contrary to previous studies!!®**%!. The
formation of such fine nanometer scale features results from the mechanical alloying steps
following the formation of TixZrixNiSngg75Gepozs samples through induction melting of
elemental powders. As can be observed from the low magnification TEM imaging (Figure 5.2B),
these features appear as dark particles dispersed in a bright matrix. These nanoscale dark spots
are believed to be Ti-rich particles, which are separated in the nanometer range by Zr-rich
regions. Some of the Ti-rich nanostructures overlap to form large agglomerates. From Figure
5.2C, it can be seen that particles of a Ti-rich phase is formed by agglomeration of small crystals
with different orientations. The lattice parameter, a = 6.12 A, calculated from the SAED pattern
(Figure 5.2D) is comparable to the lattice parameter of ZrNiSng.g75Geg.025 further confirming that

the matrix is Zr-rich.

5.2.2 Thermoelectric properties

In our earlier work %1 we demonstrated that the substitution of a small amount (2.5%) of Sb
at Sn site in the structure of Tip1ZrogNiSn led to the heavily doped Tig1Zro9NiSngg75Sbo 025
semiconductor with a slight improvement of the thermoelectric properties. In the current work,
we assess the effect of band gap engineering through isoelectronic substitution of 2.5% Ge at Sn
site on the thermoelectric behavior of Tig1ZrogNiSngg75Gego2s System. Figure 5.3 shows a
comparison of the temperature dependent the thermoelectric  properties  of
Tio12Zro9NiSngg75Geo s Samples with data previously reported for the Tig1ZrooNiSn and
Tio.12Zr09NiSng 9755b0.025 Samples synthesized by solid-state reactions of the elements. Regardless
of the temperature, the highest electrical conductivity is observed for the Sh-doped sample,

Tio.12Zr09NiSngg975Sb0.025. This is consistent with the expected increase in the carrier density upon
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substituting Sn by Sb in the structure of Tig1ZrogNiSn. The electrical conductivity of the

Tio12Zr09NiSng 9755b0.025 Sample decreases with increasing temperature, which is consistent with

heavily doped semiconducting behavior.
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Figure 5.3: Temperature dependence of (A) electrical conductivity; (B) thermopower;
(C) thermal conductivity; (D) lattice thermal conductivity; (E) power factor and (F)
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samples.
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Interestingly, the electrical conductivity of Tig1Zro9NiSngg75Geg 025 is higher than that of
Tip1ZrogNiSn at temperatures above 300 K. This is a quite surprising result. While the
isoelectronic substitution of Ge at Sn sites in the structure of Tig1Zro9NiSn is not expected to
contribute additional carriers (i.e. constant carrier density) to the conduction band, a slight
increase in the electrical band gap can be anticipated. This should result in a drop in the carrier
density, at a given temperature, when compared to undoped Tig1ZrooNiSn matrix. Therefore,
lower electrical conductivity and higher thermopower would be expected for
Tio12Zr09NiSngg75Ge0 025 compared to Tig1ZrogNiSn system. However, the observed higher
electrical conductivity and lower thermopower for Tig1Zro9NiSng g75Geo 025 imply a reduction in
the electrical band gap Tig1Zro9NiSn upon isoelectronic substitution of Sn by Ge. One possible
explanation of the reduction of the electrical band gap is that the substitution of Sn by Ge instead
of modifying the band structure of the matrix creates impurity states within the band gap. This
results in lower activation energy and an increase in the concentration of thermally excited
carriers at a given temperature. This is consistent with the lower thermopower values observed at
high temperatures for Ge-substituted samples. The electrical conductivity of Tig1ZrogNiSn and
Tio12Zr09NiSngg75Geo 025 INCreases with rising temperature, indicating intrinsic semiconducting
behavior.

Figure 5.3 C and D show the temperature dependence of total thermal conductivity and
lattice  thermal conductivity ~ of  Tig1ZrogNiSn, Tip12Zro9NiSngg75Sboo2s  and
Tio12Zro9NiSngg75Geo s samples. The thermal conductivity of all samples decreases with
increasing temperature. Regardless of the temperature, the Ge-substituted sample exhibits the
lowest total thermal conductivity. At 300 K, the total thermal conductivity decreases from 13

Wm™K™ for the undoped sample to 5 Wm™K™ upon substitution of Sn by 2.5 % Ge. The lattice

60



thermal conductivity (k) was obtained by subtracting electronic thermal conductivity (k) from
total thermal conductivity, k. ke was estimated through Wiedemann-Franz law, k.=L,07, where
Lo = 2.45 x 10® WQK™ is Lorenz number. The lattice thermal conductivity of all samples also
follows similar trend with the total thermal conductivity. At 300 K, the lattice thermal
conductivity of Tig1ZrogNiSn is 12.6 Wm™K™. Upon substituting of 2.5% Sn by Sb, the lattice
thermal conductivity of Tig1ZrogNiSnogrsShooas decreases to 9 Wm™K™. Interestingly, the
substitution of Sn by 2.5 % Ge in Tig1Zro9NiSn results in a remarkable reduction in the lattice
thermal conductivity to ~5 Wm'K?! at 300 K. At 775 K, Tig1ZrogNiSn and
Tio.1Zr0.oNiSnog7sSho.ozs have similar values of the lattice thermal conductivity (~ 6 Wm™K™),
whereas the lattice thermal conductivity of Tig1ZrosNiSnggrsGegozs reaches 2.7 Wm™K™. The
drastic reduction in the total thermal conductivity is due to high phonon scattering arising from
the combination of (1) mass fluctuation due to Ge/Sn substitution and (2) high-density grain
boundaries from particle size refinement by mechanical alloying. This large difference in the
thermal conductivity of Tig1ZrogNiSngg75Geg.025 and Tig1ZrogNiSn samples results from the grain
size refinement of the synthesized Tig1Zro9NiSngg75Geg 025 powders by mechanical alloying.

The temperature dependence of the power factor calculated using the electrical
conductivity and thermopower data for Tig1ZrogNiSn; Tig1ZrogNiSngg7sSboos and
Tip.12Zr09NiSng 975Geo 025 IS shown in Figure 5.3E. It can be seen that the substitution of Sn by 2.5 %
Sb leads to a drastic increase in the power factor, which is mostly due to the large increase in the
carrier concentration. However, the substitution of Sn by Ge is isoelectronic; therefore, the
increase in the power factor on the Ge-substituted sample cannot be explained only by
considering the increase in the carrier concentration arising from the reduction in the band gap as

discussed above. This is due to the fact that an increase in the electrical conductivity through
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thermal excitation of electrons from the valence band (or impurity band) to the conduction band
would normally be offset by a reduction in the thermopower. Therefore, the observed
enhancement of the power factor of Ge-substituted sample compared to the undoped Sn sample
suggests that the observed increase in the electrical conductivity is not completely offset by a
reduction in the thermopower. This can be explained by considering an enhancement in the
overall carrier mobility for Ge-substituted sample. One can speculate that the substitution of Ge
at Sn sites brings higher mobility electrons to the system, which increases the overall mobility of
carrier in the sample. The ZT value at 775 K for the Ge-substituted sample is slightly larger than
that of Sb-doped sample. This is due to the combination of drastic reduction in the thermal
conductivity and marginal increase in the power factor which leads to a 250 % increase in the
figure of merit (0.35 at 775 K) compared to undoped sample.

In order to probe the effect of the Ti/Zr ratio on the thermoelectric properties of TixZr;-
xNiSng g75Geg 025 alloys, various compositions with x = 0, 0.1, 0.15 and 0.25 were synthesized
and their thermoelectric properties were measured from 300 K to 775 K (Figure 5.4). The
electrical conductivity of all these samples increased with rising temperature indicating intrinsic
semiconducting behavior. Regardless of the temperature, the largest electrical conductivity is
observed for the sample with x = 0 (ZrNiSngg75Geo025). At 300 K, the electrical conductivity
initially decreases from 680 S/cm for the sample with x = 0 to 440 S/cm for the sample with x =

0.1 and 0.15 then slightly increase to 520 S/cm for the sample with x = 0.25 (Figure 5.4A).
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Figure 5.4: Temperature dependence of (A) electrical conductivity; (B) thermopower;
(C) thermal conductivity; (D) lattice thermal conductivity; (E) power factor and (F)
figure of merit of TixZr;«NiSngg75Geg025 (X =0, 0.1, 0.15 and 0.25) samples.

To better understand the reason behind the change of the electrical conductivity, the band gap (Eg)

Eg
was calculated by fitting the conductivity curve using the Arrhenius equation, o = gyexp™ 2T. It

was found that the band gap increases with increasing Ti concentration (Figure 5.5), reaching the
highest value (Eq= 81 meV) for the sample with x = 0.15 and decreasing to 41 meV with further
increase in Ti concentration to x = 0.25. Therefore, the observed decrease in the electrical

conductivity upon increasing the Ti content from 0 to 0.15 can be associated with the drop in the
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carrier concentration at a given temperature due to an increase in the band gap. Interestingly, this
trend is broken for the sample with x = 0.25, in which an increase in the carrier concentration
(smaller band gap) is observed. This deviation from the general trend can be associated to the
phase separation into Zr-rich matrix with Ti-rich nanostructures observed in the sample with x =
0.25 (Figure 5.2), instead of the solid-solutions observed for samples with x < 0.15. In such

composites, both the Zr-rich phase with high electrical conductivity and the Ti-rich phase with

poor electrical conductivity contribute to the

] | observed overall electrical conductivity of
1 | the sample. The electrical conductivity of
the sample with x = 0.25 rapidly increases
with rising temperature reaching a value

- similar to that of ZrNiSng.¢75Geg 25 at 775 K.

Figure 5.4B shows the temperature

0 008 016 024
Fraction of Ti (x) dependence of the thermopower of TixZr;-

Figure 5.5: Band gap calculated from the | ,NiSngg¢75Geo025 samples. All samples show
electrical conductivity of TiyZry.
xNiSngg75Gegozs (x = 0, 0.1, 0.15 and 0.25) | negative thermopower indicating n-type
samples.

semiconducting behavior. At 300 K, the
thermopower increases with Ti concentration from -40 uV/K for the sample with x = 0 to -140
uV/K for the sample with x = 0.15, then decreases to -120 uV/K upon increasing the Ti
concentration to x = 0.25. Regardless of the composition, the absolute themopower increases
with increasing temperature. At 775 K, the largest thermopower value of -180 uV/K is observed
for the sample with x = 0.15. The most surprising result here is the large difference in the

thermopower values of samples with x = 0 and 0.25 at 775 K, despite the similarity in their
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electrical conductivity. To rationalize this result, one must take into account the role of Ti-rich
nanostructures on the electronic transport within the Zr-rich matrix. As demonstrated above, the
substitution of 25% Zr by Ti results in a phase separation into microscale and nanometer-scale
Ti-rich inclusions within the Zr-rich half-Heusler matrix. At 300K, we observed a small
reduction (~24%) in the electrical conductivity (from 680 S/cm for x = 0 to 520 S/cm for x =
0.25) and drastic increase (~200%) in the thermopower (from -40 pV/K for x = 0 to -120 pV/K
for x = 0.25) of the sample with x = 0.25 when compared to the pure matrix.

The total thermal conductivity and lattice thermal conductivity of TixZr1xNiSno g75Ge€o 025
samples are plotted in Figure 5.4C and D. The total thermal conductivity at a given temperature
decreases with increasing Ti concentration. At 300 K, the total thermal conductivity decreases
from ~ 5 Wm™K™ for x = 0 to ~3.25 Wm™K™ for x = 0.25. Regardless of the composition, the
total thermal conductivity initially decreases with rising temperature to reach a minimum then
increases with further increase in temperature. This trend can be ascribed to the effect of bipolar
conduction at temperatures above the temperature of minimum thermal conductivity. The lattice
thermal conductivity of the TixZr;-xNiSng ¢75Geg.025 Samples decrease with increasing temperature
(Figure 5.4D). The lowest lattice thermal conductivity (2 Wm™K™ at 775 K) is observed for the
sample with x = 0.25. The observed large reduction in the lattice thermal conductivity with
increasing Ti concentration can be explained by (1) mass fluctuation phonon scattering due to
intermixing of Ti/Zr at the same atomic site and (2) enhanced phonon scattering at the nanometer
scale and micrometer scale phase boundary between the Zr-rich HH matrix and Ti-rich HH
inclusions in Tig25Zrp75NiSNg.975Ge€0.025 COMpOSite.

Figure 5.4E displays the temperature dependence of the power factor of all TiZr;-

xNiSng g75Gep.025 samples. At 300 K, all samples show a similar power factor of ~ 900 uW/KZm.
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As the temperature increases, the power factor of the sample with x = 0 rapidly increases to ~
6000 pW/K’m at 775 K. However, the samples with x = 0.1, 0.15 and 0.25 show much lower
power factor (~ 2100 uW/K’m) at 775 K. Despite the relatively low power factor of Ti
containing samples, the observed low thermal conductivity results in large enhancements of the
figure of merit when compared to the sample with x = 0 (Figure 5.4F). At 300 K, ZT values
increase with Ti concentration from 0.05 to 0.08. As the temperature increases, the ZT values of

various samples increase, reaching a maximum of 0.48 at 775 K for the sample with x = 0.25.

5.3 Conclusion

In summary, we have examined the effects of Ge substitution at Sn sites and of Ti substitution at
Zr sites (varying Ti/Zr ratios) on the thermoelectric properties of TixZr1.xNiSng.g75Geg025 (X = 0,
0.1, 0.15 and 0.25) series of samples produced by induction melting and mechanical alloying.
We found that increasing the Ti concentration above x = 0.15 led to a phase separation in the
bulk TixZr,«NiSng ¢75Geg 025 Samples with the formation of Ti-rich inclusions embedded into the
Zr-rich matrix. This combination of partial solid solution and phase separation in TixZr;.
«NiSngg75Geg 025 resulted in a large reduction in the thermal conductivity. In addition, we
observed an increase in the thermopower with increasing Ti concentration leading to an
improvement in the power factor when compared to the sample with x = 0. The simultaneous
increase in the power factor and large reduction in the thermal conductivity of TixZrs.
xNi1SNng 975Geg 025 sSamples resulted in a large increase in the ZT with a maximum value of 0.48
observed at 775 K for Tig25Zrp75NiSng g75Geg 025 composites. This work demonstrates that by

manipulating the band gap of half-Heusler alloys through isoelectronic substitution at Ti/Zr and
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Sn/Ge sites, simultaneous enhancement of thermopower and reduction in thermal conductivity

can be achieved leading to a significant increase in the ZT value.
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CHAPTER 6

NANOSTRUCTURING AND CHARGE TRANSPORT IN BULK
DOPED HALF-HEUSLER COMPOSITES

6.1 Objective

Here, we explore the behavior of FH phase in the HH matrix with decreasing doping level in
heavily doped ZrgsHfo.7sNi1+xSn1Sby (x= 0~0.15 and y= 0.025, 0.01 and 0.005) composites.
The thermoelectric properties with samples with different doping level were compared to
demonstrate the effect of FH phase coherently embedded in the HH matrix on the electronic and
phonon transports. We found that the energy filtering effect was enhanced when the doping level
decreased. It strongly blocked the charge carrier density in samples with the lowest doping level.
The formation of FH particle was observed through HRTEM and it was found that these particles
aggregated together with increasing Ni content. Although interface potential of FH/HH was
formed upon introduction of FH phase in the HH matrix, the energy filtering effect is very strong

only for a small amount of Sh doping.
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6.2 Result and Discussion
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Figure 6.1 Powder XRD pattern of the synthesized
composites for Zrg 25Hf0 75Ni14xSN1Shy
composites.

6.2.1 Phase characterization
Powder X-ray diffraction patterns of as-
synthesized FH/HH composites of
Zrg.25Hf0.75Ni14xSNg 97550 025,
Zro.25Hf0.75Ni14xSNo.99Sbo 01 and
Zr¢ 25HT0 75Ni14xSN0.995S00.005 are shown
in Figure 6.1. All peaks on the XRD
patterns can be indexed in the cubic
MgAgAs-type structure suggesting the
formation of single-phase HH alloys.
Surprisingly, the addition of excess Ni
in various HH matrices does not create
additional diffraction peaks on the XRD
patterns that could be assigned to the
formation of FH phase or other impurity
phases in the samples. This suggests
that the size of FH phase is too small to
diffract X-ray or that impurities are
soluble in the HH matrix. However, the

unit cell parameter of
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Zro 25Hfo 75Ni14+xSn1.ySby samples remains constant, a = 6.15 (8) A, regardless of the excess Ni or

Sb doping level. This suggests that the structure of the HH phase remains unchanged upon

addition of excess Ni element or substitution of Sb at Sn sites.

Figure 6.2 Structural characteristics of Zrg 25sHfo 75Ni1+xSNno.g95Sbo.00s Nanocomposites. (A) Low
magnification TEM image of the HH matrix, revealing the matrix is clear and no inclusion or
impurities. (B) Medium magnification TEM image of the sample with x= 0.05 showing FH
particles with size range 5~ 20 nm coherently embedded inside the HH matrix and selected-
area electron diffraction pattern (inset of B) indicating the fcc structure of the HH matrix. (C)
High magnification TEM image of selected FH particle from the sample with x = 0.05,
showing nearly spherical FH nanoinclusion lattice details. (D) Low magnification TEM image
of the sample with x=0.15, showing high agglomeration of FH nanophase into large particle.
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Figure 6.2 shows high-resolution TEM images highlighting microstructural characteristics of
selected Zrg 25Hfo 75Ni14xSNg.995S0b0.005s Nanocomposites. A low magnification TEM image of the
HH matrix (Figure 6.2A) suggests the formation of single-phase HH structure. No inclusion or
impurities phase are found on the TEM image (Figure 6.2A). However, the addition of excess
elemental Ni into the HH matrix leads to the formation of small dark precipitates (Figure 6.2B
and 6.2D). These nanoinclusions are believed to adopt FH structure and composition given the
high degree of coherency with the HH matrix (Figure 6.2C). As can be observed from the TEM
images of the sample with x = 0.05, y = 0.005, the FH nanoprecipitates formed as small spherical
particles with size ranging from 5 nm to 20 nm (Figure 6.2B). Increasing the concentration of
excess Ni resulted in the formation of a large fraction of FH precipitates. Some precipitates
agglomerate into larger nanoparticles with size of up to 100 nm as can be observed on the TEM
image of Zrg 2sHfo 75Ni1.155N0.995Sb0 005 (Figure 6.2D). Similar microstructural characteristics are

expected in Zro_25Hfo_75Ni1+xSn0_975Sb0_025 and Zr0_25Hf0_75Ni1+xSno_gng0,01 samples.

71



6.2.2 Thermoelectric properties
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Figure 6.3 Temperature dependence of (A) electrical conductivity; (B) thermopower; (C)
carrier concentration; and (D) mobility for Zrg 25Hfo 75Ni14xSNo.975Sb0 025 -

Figure 6.3A and 6.3B show the temperature dependence of the electrical conductivity and
thermopower for Zrg 2sHfo 75Ni14xSNg.975Sb0.02s FH/HH composites. In the temperature range
300K to 775 K; the electrical conductivity decreases with increasing temperature, which is
consistent with heavily doped semiconducting behavior. Regardless of the temperature, the
electrical conductivity increases with increasing Ni concentration. At 300K, the electrical
conductivity for the matrix is ~3500 S/cm and increases to 3800 S/cm for samples with x = 0.03

and 0.04 is. At 775 K, the matrix still shows the lowest electrical conductivity ~ 1800 S/cm;
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whereas the electrical conductivity for the samples with x = 0.03 and 0.04 decreases to 2000

S/cm.

All samples exhibit negative values of the thermopower (Figure 6.3B) in the measured
temperature range indicating n-type semiconducting behavior. Within this temperature range, the
thermopower for all samples increases almost linearly with increasing temperature, which is also
consisting with heavily doped semiconducting behavior. Regardless of the temperature, the
thermopower decreases with increasing Ni concentration. At 300K, the thermopower of the HH
matrix (X =0, y = 0.025) is -80 uV/K and increases to -160 pV/K at 775K. Upon increasing Ni
concentration to x = 0.03 and 0.04, the thermopower drops to ~ -70 uV/K at 300K. However, the
thermopower of samples with x = 0.03 and 0.04 increases to -125 puV/K and -110 uV/K,
respectively, at 775K. The observed marginal difference in the thermopower of samples with x
= 0.03 and 0.04 is surprising given the similarity in their electrical conductivity. To better
understand the nature of electronic transport in Zrg2sHfo 75Ni1+xSng.975Sbo 025, Hall effect data are

collected in the temperature range from 300K to 775K.

Figure 6.3C and 6.3D show the temperature dependence of carrier concentration and mobility for
Zr.25HT0 75Ni14xSNo 975Sho 025 FH/HH composites extracted from Hall effect data. Regardless of
the temperature, the carrier concentration increases with the excess Ni concentration. At 300K,
the carrier concentration increases from 50 x10"° cm™ for the Sh-doped matrix to 60x10* cm™
for the sample with x = 0.03 and to 73x10"° cm™ for the sample with x = 0.04. This increase in
the carrier concentration with Ni content suggests the formation of metallic FH nanoparticles
upon addition of excess elemental Ni in the Sb-doped HH matrix. Interestingly, the temperature
above which thermal excitation of carriers from the valence to the conduction band occurs

increase with increasing Ni content from 373K (x = 0) to 423K (x = 0.03) and 623K (x = 0.04).
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At 775K, the carrier concentration is 57 x10™ cm™ for the HH matrix (x = 0) and ~ 80x10* cm™
for the samples with x = 0.03 and 0.04. The increased carrier concentration with excess Ni
concentration is consistent with the electrical conductivity and suggests that metallic FH phase
brings additional charge carrier to the HH matrix. Similar behavior was reported in various
FH/HH composites containing large particles of the FH inclusions ™ ™!, 1t is interesting to note
the large difference in the carrier concentration of samples with x = 0.03 and 0.04 at the
temperature below 673K despite the similarity in their thermopower values in the same
temperature range. This abnormal trend suggests larger carrier effective mass (m*) for the
sample with x = 0.04 compared to the sample with x = 0.03. The mobility for all samples
decreases with increasing temperature and increasing Ni concentration (Figure 6.3D). At 300K,
the mobility for the matrix (x = 0), samples with x = 0.03 and 0.04 are 43 cm?/V"s, 40 cm?/V"s
and 35 cm%V-s, respectively. The observed reduction in the mobility is consistent with the
increase in carrier concentration with increasing Ni content. The above discussion suggests that
under heavily doped condition electronic conduction in ZrgsHfo 75Ni1+xSNoe75Sbog2s 1S
controlled by the large fraction of high-energy extrinsic carriers. Similar behavior was reported
in Tip1ZrooNixSnog7sShoges  nanocomposites.  In the  ZrgosHfo 75Ni14xSN0.975Sb0.025
nanocomposites, extrinsic carriers are provided by both Sb doping at Sn sites and additional
doping from metallic FH inclusions. These dopants presumable occupy high-energy states in the
conduction bands of HH matrix facilitating their transmission across the potential barrier at the
nanoscale interface between HH matrix and sub-ten nanometer scale FH inclusion. Therefore, no
significant reduction in the overall carrier concentration results from the anticipated filtering of

low energy carriers at the FH/HH interfaces.
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Figure 6.4 Temperature dependence of (A) electrical conductivity; (B) Thermopower; (C)
carrier concentration; and (D) mobility for Zrg 25Hfo 75Ni14xSNg.99Sbo 01.

To further explore the effect of FH/HH interface on the behavior of extrinsic carriers in bulk HH
matrix, we have reduced the doping level to 1% Sb doping at Sn sites. Figure 6.4A shows the
temperature dependence of the electrical conductivity for ZrgsHfg75Ni1+xSnog9Sboor FH/HH
composites. Compared to FH/HH composites with 2.5% Sb, analogous samples with 1% Sb has
lower electrical conductivity. The electrical conductivity decreases with increasing temperature
in the measured temperature range suggesting that the samples are heavily doped semiconductors.

Regardless of the temperature, the electrical conductivity for Zrg 25Hfp 75Ni1+xSNo.99Sbo.01 Samples
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decreases with increasing Ni concentration, except for the sample with x = 0.03, which shows the
lowest electrical conductivity (~ 1400 S/cm at 300K and 700 S/cm at 775K) in the measured
temperature range. For instance, the electrical conductivity of 1% Sh doped HH matrix (x = 0) is
2000 S/cm at 300K. Upon addition of 4% excess Ni, the electrical conductivity at 300K decrease

to ~1700 S/cm and further decreases to 1550 S/cm for the composition with x = 0.05.

The reduction in the electrical conductivity of Zrg25Hfg 75Ni1xSho.99Sbo.o1 Samples compared to
Zro.25HT0 75Ni14xSNo 975Sho 025 Samples can be associated to: (1) decrease in the density of extrinsic
carriers due to the reduction of the concentration of Sb dopant from 2.5% to 1%; and (2)
additional reductions in the carrier concentration, for compositions with varying x values, due to
energy filtering of carrier on the FH/HH interfaces. This analysis is supported by the carrier
concentration measurement (Figure 6.4C) for various ZrgsHfo75Ni14xSng.g9Sboor samples. At
300K, the carrier concentration for the 1% Sh-doped HH matrix is 35 x 10*° cm™, which is 30%
lower than the value measured for the 2.5% Sb doped HH matrix. Upon addition of 3% excess
Ni in the 1% Sbh-doped HH matrix, the carrier concentration at 300K decreases to ~ 23 x 10%
cm, which is 34% lower compared to 1% Sb doped HH matrix. Increasing the excess of
elemental Ni to 4% and 5% resulted in a marginal increases at 300K to ~26 x10'° cm™and 30
x10'° cm?, respectively. Careful analysis of the temperature dependent carrier concentration
curves for ZrgasHfo 75Ni1+xSnogeShoo1r Samples reveals that the carrier concentration initially
remains unchanged upon increasing temperature up to a critical value, T, beyond which a nearly

exponential increase in the carrier concentration with temperature is observed.

For the 1% Sh-doped HH matrix, thermal excitation of carriers from the valence band (VB) to
the conduction band (CB) is observed at temperatures above T, = 675 K. Interestingly, the

critical temperature, T, for samples containing excess Ni decreases with increasing Ni content,
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while the carrier concentration below T increases. However, the overall carrier concentration
within samples with excess Ni concentration at a given temperature maintains lower than that of
the 1% Sb-doped HH matrix indicating that no additional carriers were added to the matrix. For
instance, the carrier concentration for the sample with x = 0.03 remains constant at 23 x10*° cm™
up to T, = 675 K, upon increasing Ni content to x = 0.04, the carrier concentration increases to
26 x10™ cm™ and remains constant up to T = 625 K. Further increasing excess Ni content to x =
0.05 results in carrier concentration of 30 x10'° cm™ which remains constant up to T, = 575 K.
The observed change in the carrier concentration of Zrg5Hfp 75Ni+xSnog9Sboo1 Samples with
increasing Ni content and the temperature dependence of the carrier concentration can be
explained by talking into account the relative alignment of conduction band at the FH/HH
interfaces. For instance, the addition of excess Ni into a HH matrix results in the formation of
coherent FH phase with varying particle size. The energy difference of conduction band minima
(CBM) between the HH matrix and the FH inclusion generates an energy barrier, AE, at the
FH/HH interface, the height of which increases with the reduction in size of the FH inclusion.
Such potential energy barrier acts as filter to extrinsic carrier with low energy (Figure 6.5) while

enabling transmission of extrinsic carriers with high energy.
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Figure 6.5 Proposed mechanism of excess Ni added into the HH matrix, the potential
energy (AE) is formed at the interface between HH and FH.

Therefore, the temperature dependence of the carrier concentration for samples with x = 0.03,
0.04 and 0.05 at temperatures above T, arises from the thermal excitation of existing extrinsic
carriers with low energy across the potential barrier, AE, at the FH/HH interfaces, rather than
from excitation of intrinsic carrier from valence band to conduction band as observed in the case
of 1% Sh-doped HH matrix. This suggests that starting with the matrix with carrier concentration
of 35 x10™ cm?®, the addition of increasing excess Ni results in the formation of FH
nanostructures with increasing average particle size leading to the formation of potential energy
barrier, AE, with decreasing height (Figure 6.5) at the heterojunction between HH matrix and FH

nanoinclusions.

The observed reduction in the carrier concentration of Zrg 2sHfo 75Ni1xSng.99Sho o1 With increasing
Ni content results in an increase in the absolute value of the thermopower. For the thermopower

(Figure 6.4B), the thermopower for all samples also exhibits negative value indicating n-type
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semiconducting  behavior. Regardless of the  temperature, samples  from
Zr.25Hf0 75N114xSNo 99Sho 01 Shows larger thermopower value compared to corresponding samples
(constant x) in Zrg25Hfp 75Ni14xSNo.975Sho.025. This result is consistent with the reduction of the Sb
doping level and carrier concentration. The thermopower of samples from the
Zr.25Hf0 75N114xSNo 99Shg o1 Increases with rising temperature. At 300K, the thermopower of 1%
Sb-doped matrix is -93 pV/K and rapidly increases to -163 pV/K at 775K. Upon addition of
excess Ni, the thermopower value of samples with x = 0.03, 0.04 and 0.05 slightly increases to ~

-100 pV/K at 300K and -180 pV/K at 775K.

Figure 6.4D shows the temperature dependence of the mobility of 1% Sh-doped FH/HH samples.
The mobility for all samples linearly decreases with increasing temperature. The matrix and
samples with x = 0.03 shows similar value (35 cm?V-s at 300K) of the mobility in the
temperature range. However, the sample with x = 0.04 displays a slightly higher (37 cm?/V's at
300K) carrier mobility compared to the 1% Sb-doped matrix, which is consistent with the
observed decrease in the effective carrier concentration. Although the difference in the carrier
concentration is clear, the changed in the mobility indicates the energy filtering effects in
Zro25Hfo.75Ni1+xSNo.9eSbo o1 IS weak which means the reduced carrier concentration did not
significantly decrease electron - electron scattering in the samples. The sample with x = 0.05 has
the lowest mobility value (30 cm?Vs at 300K) in the measured temperature range. This is
consistent with the observed large carrier concentration. The fitting of the temperature
dependence of the carrier mobility of Zrg 25Hfg 75Ni14xSNo.g9Sbo o1 Using the power law T results
in A values of 1.38 for the matrix, 1.30 for the sample with x = 0.03 and 1.60 for the sample with

x = 0.05 indicating that optical phonon scattering dominates in these samples.
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for

Figure 6.6 shows the temperature

dependence of the total thermal

conductivity, Lorenz number and the

lattice  thermal conductivity  for
Zrg.25HT0.75Ni14xSNg.975Sb0 025 FH/HH
composites. The total thermal

conductivity for all samples decreases
with increasing temperature (Figure 6.6A).
At 300 K, sample with x = 0.04 has the
lowest total thermal conductivity (~ 8.5
W/Km). Upon increasing the temperature
above 500 K, similar values of the thermal
conductivity is observed for samples with
x =0.03 and 0.04. At 775K, a total thermal
conductivity of 6.5 W/Km was observed
for both compositions (x = 0.03 and 0.04);
whereas the Sb-doped HH matrix shows
lowest thermal

the conductivity (6.2

W/Km).

The total thermal conductivity is the sum of electronic thermal conductivity (ie) and lattice

thermal conductivity (x.). In order to determine the contribution of electronic thermal

conductivity (ke =

LoT, where L is the Lorenz number, T is the absolute temperature), the

Lorenz number is calculated from the experimental thermopower using a single parabolic band
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total
and
for

(SPB) model (Figure 6.6B). The Lorenz
number for all samples is lower than that of
free electron model 2.45 x 10° WQK?.
Regardless of the temperature, the Lorenz
number increases with increasing Ni
concentration. At 300K, the Lorenz number
for the matrix is 2 x 10°® WQK?; whereas a
value of 2.1 x 10 WQK?was observed for
the samples with x = 0.03 and 0.04. The
lattice thermal conductivity (Figure 6.6C)
was obtained by subtracting the electronic
thermal conductivity from the total thermal
conductivity. The matrix (x = 0) and the
sample with x = 0.03 shows similar value
of the lattice thermal conductivity at 300K
(~7 W/Km); whereas the sample with x =
0.04 has the Ilowest lattice thermal
conductivity at 300K (~ 6.2 W/Km). The
reduction in the lattice thermal conductivity

for the samples with x = 0.04 is probably

due to the high density of FH/HH interfaces

arising from increasing Ni content. Increasing the temperature results in a rapid drop of the

lattice thermal conductivity of all samples to ~ 3.9 W/Km at 775K.
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Figure 6.7 shows the temperature dependence of the total thermal conductivity, Lorenz number
and the lattice thermal conductivity for ZrgsHfo 75Ni1+xSngeeSboes FH/HH composites. The
reduction in the concentration 1% Sb dopant results in lower total thermal conductivity for all
Zro.25Hfp 75N114xSNo 909Sbo o1 Samples when compared to the ZrgasHfo 75Ni1+xSNg.975S00.025
composites. This is due to the decrease in the density of extrinsic electrons (from Sh dopant),
which will affect the electronic thermal conductivity. Regardless of temperature, the total
thermal conductivity of Zrg 2sHfo.75Ni14+xSNo.99Sbo .01 composites first decreases to the lowest value
as the Ni concentration increases to 3%, then the thermal conductivity increases with further

increasing Ni concentration to 4% and 5%. The largest total thermal conductivity was observed
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for the 1% Sb-doped HH matrix.

The Lorenz number was calculated according to the SPB model (Figure 6.7B) in order to extract
the contribution from the electronic thermal conductivity. The Lorenz number for all 1% Sb-
doped samples is lower than the values observed for Zrg 2sHfo 75Ni1+xSNg.975Sb0.025 COMposites.
The matrix has the highest Lorenz number (1.95 x 10® WQK™ at 300K) in the measured
temperature range. Upon increasing Ni content to x = 0.03, 0.04 and 0.05, the Lorenz number

decreases to 1.9 x 10 WQK™ at 300K.

Regardless of the temperature, the lattice thermal conductivity (Figure 6.7C) decreases with
increasing excess Ni concentration. At 300K, the sample with x = 0.03 shows the lowest value (~
4.8 W/Km at 300K) of the lattice thermal conductivity. Although the lattice thermal conductivity
for the samples with x = 0.04 and 0.05 slightly increases with increasing Ni content, the values
remain lower than that of the matrix (7 W/Km at 300K). The reduction in the lattice thermal

conductivity is attributed to phonon scattering from at the FH/HH interfaces.

The measured electrical conductivity and thermopower are used to evaluate the power factor for
the Zrg 25Hfp 75Ni14xSNo 975Sbo 025 composites (Figure 6.8A). The highest electrical conductivity
and the thermopower observed for the 2.5% Sb-doped HH matrix resulted in the largest power
factor in the measured temperature range. The combination of large power factor and low
thermal conductivity for the 2.5% Sh-doped matrix leads to the largest ZT value of 0.55 at 775K
(Figure 6.8B). Upon increasing Ni concentration to 3% and 4%, the power factor and ZT value
decrease. The ZT value for the samples with x = 0.03 and 0.04 are respectively, 0.4 and 0.35 at

775K.
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Samples of the Zrg2sHf75Ni14xSNog9Sboo1 composites show lower power factor than that of
composites with 2.5% Sb substitution. This is due to the reduction in the electrical conductivity.
At 300K, the matrix and the samples with x = 0.04 and 0.05 show similar power factor (18 x 10™*
WK?m™), while the sample with x = 0.03 exhibits the lowest power factor value (14 x 10* WK’
2m™. However, the ZT values for all 1% Sb-doped samples do not change significantly at low

temperatures, despite large difference in the power factor. The highest ZT value of 0.46 is

observed at 775K for the sample with x = 0.03.
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Figure 6.9A shows the temperature dependence of electrical conductivity for
Zr.25Hf0 75N114xSNo 995Sho 00s. Regardless of the temperature, the electrical conductivity is lower
than that of Zrg2sHfp75Ni14xSno975Sbo025. The electrical conductivity for all samples decreases
with increasing temperature suggesting heavily doped semiconducting behavior. The electrical
conductivity of ZrgsHfo75Ni1+xSNoeesShooos Samples in the measured temperature range
decrease with Ni concentration. The matrix has the highest value of the electrical conductivity
(2700 S/cm at 300K). When Ni concentration increases to 5%, the electrical conductivity reaches
the lowest value (1500 S/cm at 300K); and remains nearly unchanged with further increasing Ni
concentration to 8% and 15%. It should be noted that the electrical conductivity for the samples
with excess Ni concentration keep the lower or equal value to the matrix in the measured

temperature range.

The thermopower for all Zrg 25Hfo 75Ni14xSNg.995Sb0.005 Samples almost linearly decreases
with increasing temperature and maintained negative values indicating n-type semiconducting
behavior (Figure 6.9B). Regardless of temperature, the thermopower increases with Ni
concentration. The matrix and the sample with x = 0.03 has similar thermopower (-40 pV/K at
300K and -65 uV/K at 775K). As the Ni concentration increases to 5%, the thermopower
increases to -80 uV/K at 300 K, which corresponds to 200% enhancement compared to the
0.5%Shb-doped matrix. Further increasing the Ni concentration to 8% and 15% resulted in a slight
drop in the thermopower to -75 puV/K and -70 uV/K at 300K, respectively. However, the

observed values remain larger than that of the 0.5%Sb-doped matrix.

Figure 6.9C shows the temperature dependence of the carrier concentration for
Zro.25HT0 75Ni14xSNo.995Sho oos. It IS interesting to note that despite the low Sh-doping level, the

carrier concentration in all Zrg2sHfp75Ni14xSNo.995Sb0.00s Samples is one-order of magnitude
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higher than that of ZrgsHfo75Ni14xSN0.975S00.025 and Zrg 25Hfo 75Ni14xSNp.99Sho 01 Samples. The
measured carrier density of 200 x 10" cm™ at 300K is 20 times larger than the increase in the
carrier density expected from the substitution of 0.5% Sn by Sb in Zrg 25Hfo 7sNiSn matrix. This
suggests the formation of trace amount of metallic second phases in the 0.5% Sh-doped HH
matrix during the mechanical alloying process. These metallic phases provide additional
extrinsic carriers to the matrix leading to larger overall effective carrier concentration.
Regardless of the temperature, the carrier concentration decreases with increasing Ni
concentration. This suggests that a large fraction of the additional extrinsic carriers are affected
by the energy filtering effect and the HH/FH interfaces, unlike extrinsic carriers from Sh-doping,
which are generally not affected. The 0.5% Sh-doped matrix displays the highest carrier
concentration in the measured temperature range (200 x 10*® cm™ at 300K and 360 x 10'° cm™ at
775K). As the excess Ni concentration increases to 3%, the carrier concentration drops to 125 x
10" cm® at 300K. The carrier concentration further decreases to the lowest value, 50 x 10*° cm™
at 300K as the excess Ni increases to 5%, which is corresponds to 75% drop compared to the 0.5%
Sb-doped matrix. However, when the Ni concentration increases to 8% and 15%, the carrier
concentration of the resulting composites slightly increases to 60 x 10*° cm™ and 90 x 10*° cm™®
at 300K, respectively. Interestingly, these values of the carrier density remain lower than that of
the 0.5% Sh-doped matrix. The marginal increase in the carrier density can be ascribed to
additional doping arising from the formation of large FH metallic nanoinclusions in the matrix.
These additional carriers from FH inclusions are presumably not affected by the potential barrier
ate the HH/FH interfaces, whereas extrinsic carriers from impurities phases form during

mechanical alloying are still subjected to the filtering effect.
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The large increase in the carrier concentration in Zrg 2sHfp 75Ni1+xSNo.095Sbo.005s Samples
resulted in drastic drop in the carrier mobility when compared to Zr 25Hfp 75Ni14xSNo.975Sbo 025
and Zrg 25Hfp 75Ni14xSNo 99Sbp o1 composites. The 0.5% Sb-doped matrix showed the lowest
mobility (~ 8 cm®V's™) at 300K. However, the carrier mobility rapidly increases with increasing
excess Ni, reaching a maximum of ~20 cm?V*s™ at 300K for the composition with x = 0.05 and
slightly decreases with further increase in excess Ni concentration to x = 0.08 (18 cm?V™'s™ at
300K) and 0.15 (14 cm?®V*s™* at 300K). This trend is consistent with the observed variation of
carrier density with excess Ni. The reduction in the overall carrier density and enhancement of
the carrier mobility observed in various Zrg 25Hfo 75Ni14xSNo.995Sbo 005 Samples (x = 0.03, 0.05,
0.08 and 0.15) compared to the 0.5% Sh-doped matrix, can be explained by the concept of
energy filtering of low-energy charge carriers at the HH/FH interfaces, which provides a
plausible description of the behavior of charge carriers in HH matrices containing sub-ten

nanometer scale FH inclusions (Figure 6.2A)5% 7.

However, HH matrices containing sufficiently large FH inclusions generally display
higher carrier density than the pristine HH matrix (without FH inclusion) due to the metallic
behavior of large FH inclusions. Additional carriers arising from the doping of the HH matrix by
the metallic FH inclusions presumably occupy states with energy higher than the potential barrier

at the HH/FH interfaces resulting in their contribution to the electronic conduction .

This explains the slight increase in the carrier density and drop in the carrier mobility for
samples with x = 0.08 and x = 0.15 (Figure 6.9C and 6.9D) in which the high population density

of FH nanoinclusions lead to the agglomeration of some of them into large metallic FH particles.
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Figure 6.10 shows the temperature dependence of the total thermal conductivity, Lorenz number

and the lattice thermal conductivity for FH/HH composites Zro.25Hfo_75Ni1+xsno,gg58bo,oo5. The
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Figure 6.10 Temperature dependence of (A)
total thermal conductivity; (B) Lorenz number
and (C)

conductivity for

Zr¢ 25HT0 75Ni14xSN0 995500 005.

total thermal conductivity increases with
increasing temperature suggesting bipolar
conduction (Figure 10A). Regardless of the
temperature, the total thermal conductivity
decreases with increasing Ni concentration,
which is consistent with the observed drop
in the electrical conductivity. The total
thermal conductivity for all samples is
lower than that of composites with 1% and
2.5% Sb-doped HH matrix. The highest
thermal conductivity, 7.2 WK™m™, is
observed at 300K for the 0.5% Sh-doped
matrix and the sample with x = 0.03. The
total thermal conductivity drastically drops
to 5.7 WK™m™ at 300K for samples with x

=0.05, 0.08 and 0.15.

In order to analysis the electronic thermal

conductivity,  Lorenz  number  was

calculated wusing SPB model (Figure

6.10B). The matrix and the sample with x

= 0.03 have higher Lorenz number (2.3 x 10® WQK?) at 300K, which is closed to the Lorenz
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number for free electron. When Ni concentration increases to 5%, the Lorenz number decreases
to 2 x 10® WQK™ at 300K. Further increasing Ni concentration to 8 % and 15 % resulted in a
small increase of the Lorenz number respectively, to 2.08 x 10° WQK™? and 2.1 x 10°® WQK ™ at

300K.

The lattice thermal conductivity decreases with increasing Ni concentration. At 300K the
lattice thermal conductivity for the matrix is 5.3 WK™*m™ and drops to 4.5 WK™m™ at 300K for
the sample with x = 0.15. This corresponds to 15% reduction compared to the 0.5% Sbh-doped
matrix. This reduction in the lattice thermal conductivity is attributed to enhance phonon

scattering due to a large increase in the density of HH/FH interfaces with increasing excess Ni.
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Figure 6.11 Temperature dependence of (A) power factor and (B) ZT for
Zr9.25Hf0.75Ni14xSN0.995S00.005.

Figure 6.11A shows the power factor calculated using the electrical conductivity and
thermopower data. The large increase in the thermopower induced by the energy filtering of
carriers at HH/FH nanointerfaces, offsets the reduction in the electrical conductivity leading to
improvement in the overall powder factor for samples with x = 0.03, 0.05, 0.08 and 0.15. The
sample with x = 0.05 showed the highest value of the PF in the measured temperature range. The

combination of large improvement in the power factor and reduction in the thermal conductivity
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in the sample with x = 0.05 resulted in drastic increase of the ZT at 775K from ~0.05 for 0.5%

Sb-doped matrix to ~0.24, which corresponds to an enhancement of ~ 67%.

6.3 Conclusion

In summary, we have investigated the effectiveness of potential energy barrier, AE, at HH/FH
interfaces in filtering charge carriers within HH matrix with various doping levels. We found that
starting from HH matrices containing equal volume fraction of FH nanoinclusions with similar
average size range, the filtering effect of the potential energy barrier at the HH/FH interfaces on
the electronic transports of existing intrinsic and extrinsic charge carriers strongly depends on the
relative fraction of extrinsic carriers as they energy distribution within the HH matrix. In the
current study, extrinsic carriers in various HH matrices (Zro 2sHfo 7sNiSn;,Sby) were introduced
either intentionally using Sb substitutions at Sn sites or unintentionally through doping of the
matrix by (1) large metallic FH inclusions and/or (2) unknown impurities introduced during the
mechanical alloying process. We observed that for Zrg sHfo 7sNi1+xSni,Sby samples in which
electronic conduction is dominated by extrinsic carriers arising from doping through Sb
substitutions at Sn sites and from doping by large metallic FH inclusions (y = 0.01 and 0.025),
the introduction of HH/FH interfaces through addition of excess elemental Ni (x) resulted in
constant or larger overall carriers density (y = 0.025) or to a marginal drop in the carrier density
(y = 0.01) compared to the pristine HH matrix. This suggests that a large fraction of extrinsic
carriers in these samples are located at energy levels higher than the potential energy barrier at
the HH/FH interfaces. Therefore, the low-energy intrinsic carriers trapped at the HH/FH

interfaces represent a very small fraction of conduction electrons leading to virtually no effect on
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the overall effective carrier density. However, for the mechanically alloyed
Zro.25Hf0 75N114xSNo.995Sho 005 Samples, we observed a drastic decrease in the effective carrier
density upon introduction of HH/FH interfaces. This suggests that a large fraction of extrinsic
carriers in these samples are located at low energy levels within the HH matrix and are therefore
trapped by the potential energy barrier at the HH/FH interfaces. One can derive from this
analysis that extrinsic carriers introduced by unknown impurities during the mechanical alloying
process occupy lower energy states within the HH matrix, whereas extrinsic carriers from Sh
doping at Sn sites or from the formation of metallic FH inclusions are located at higher energy
states. This work demonstrates the effectiveness of the potential energy barrier at HH/FH
interfaces to discriminate between dopants with various energy levels in heavily doped HH
semiconductors. Therefore, the optimization of the thermoelectric properties of semiconductors
through synergetic integration of the concepts of doping and energy-filtering through
nanostructuring requires a good match between (1) the type of doping element (energy level
occupied by contributed carriers) and (2) the average size and distribution (the heights of the
potential energy barrier) of the nanostructures coherently embedded inside the semiconducting

matrix.
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CHAPTER 7

THERMOELECTRIC BEHAVIOR OF NANOSTRUCTURED
Zr25Hf 75sNiCoxSn HALF-HEUSLER ALLOYS

7.1 Objective

In this work, we expand our investigation of carriers and thermal transports in HH (1-x)/FH(x)
nanocomposites to systems in which Co-containing FH nanoinclusions are embedded in n-type
Ni-based HH matrix ZrgsHfo7sNiSn. Starting from a HH matrix with composition
Zro25Hfp 7sNiSn, incremental amount of Co element was added through solid-state atomic
interdiffusion during high temperature reaction. This results in the formation of FH phase with
composition  ZrgsHfp7sNiCoSn  as  nanoinclusion in HH matrix. The synthesized
Zro25HTfo 7sNiSN/  Zrg 2sHfo 7sNiCoSn  (HH/FH) composites were characterized by XRD and
HRTEM. The effects of FH phase on the thermoelectric properties for HH + x Co
nanocomposites were investigated. XRD pattern revealed the presence of FH peaks indicating
the formation of large FH nanoparticles. We found that the FH nanoparticles are coherently
embedded in the HH matrix, the size of nanoinclusion increased from 1~3 nm to 20~50 nm with
increasing Co concentration. It is remarkable that the electrical conductivity significant increased

(~ 792 S/cm at 300K) for Co concentration > 5 wt%. Temperature dependent electrical

conductivity for sample with various Co concentration indicated transitions from intrinsic
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semiconducting behavior to heavily doped semiconducting behavior. The thermopower

decreases with increasing Co concentration, which is consistent with the change in the electrical

conductivity. However, the lattice thermal conductivity decreased with increasing Co

concentration indicating enhanced phonon scattering at the multiple HH/FH interfaces within the

nanocomposites.

7.2Result and discussion

7.2.1 Phase characterization
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Powder X-ray diffraction of the

as-synthesized  Hfg25Zrp7sNiSn  (HH)
matrix and the FH/HH composites (HH +
X Wt% Co) samples are shown in Figure
7.1. All peaks of the HH matrix XRD
pattern are consistent with the cubic
MgAgAs-type structure, suggesting the
formation of single phase. The calculated
unit cell parameter is a = 6.165 A. As
is added to the matrix,

excess Co

additional peaks corresponding to the FH

structure (MnCu,Al-type) are observed. The refined unit cell parameter, a = 6.253 A, is larger

than that of the HH matrix, which is consistent with the insertion of additional Co into the vacant

site of HH structure. Peaks of HH phase in the composites do not shift in position, indicating that

the added Co elements do not form interstitial of substitutional solid-solution with the HH matrix.
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In addition, peaks of the FH phase in the XRD patterns of samples with increasing Co
concentrations also maintain at the same position (same 26 value), but increase in intensity with
Co concentration. This suggests that the reaction of Co element with Hf 25210 75sNiSn matrix does
not lead to the formation of (1) an intermediate phase, Hfp 25Zro7sNiCoxSn, with increasing Co
content or (2) two separate FH phases, Hfg 25Zro 7sNi>Sn and Hfg 25210 75C0,Sn, with various mole
fractions. Instead Co completely reacts with Hfy25Zr07sNiSn matrix to form FH precipitates

according to the Eq. (1).
Hfo_z5ZI’o_75NiSIl +xCo— (I-X) Hf0_25Zr0_75NiSn (HH matrix) + X Hf0_25Zro_75NiCoSn (FH) (l)

It should be noted that the composition of the FH phase, Hfy 25210 7sNiCoSn, represents a 50%
solid-solution between the possible FH phases, Hfg25Zro7sNiSn and Hfp 25210 75C0,Sn, that
could also be anticipated from such reaction. The formation of a solid-solution rather than two
competing separate phases is favored, not only by the similarity in the lattice parameters of
Hfo.25Zr0.7sNiSn and  Hfy 2521 75C0,Sn  phases, but also because the formation of the
Hfo.25Zr0.75C0,Sn phase would require complete dissolution of the original HH structure and long
range diffusion of Ni out of the tetrahedral sites' %), The energy cost for such mechanism is
higher than the formation of a 50% solid-solution through dissolution of excess Co into
tetrahedral vacancies %% which is represents 50% of the available tetrahedral sites in the

Hfo.25Zr0.75NiSn structure.

As can be anticipated from the chemical reaction in Eq.(1), the mole fraction of the FH phase,
Hfo.25Zr0 7sNiCoSn, increases with increasing concentration of excess elemental Co in the stating

mixture. For example, the sample with 1 wt% Co shows a very weak FH peak at ~41° (200);
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whereas the corresponding FH peak (200) on the XRD pattern of the sample with 5 wt% Co is

observable and strong (Figure 7.1).

7.2.2  Microstructural analysis

FH Precipitate

HH + S wt% Co HH+ 10 wt% Co

Figure 7.2 TEM images of selected FH/HH bulk composites. Low-magnification image of the
sample with 5 wt% Co (A); 10 wt% Co (B); and 15 wt% Co (C); (D) high-magnification image of
FH nanoparticle from the sample with 5 wt% Co and selected-area electron diffraction (insert of
D).

Figure 7.2 shows the microstructure of selected Hfg25Zrp75NiSn/ Hfg 25Zrg 7sNiCoSn (HH/FH)
bulk composites. Nearly spherical dark precipitates with sizes ranging from 1 to 3 nm can be
observed in the low-magnification TEM image of the sample with 5 wt% Co (Figure 7.2A).

Upon increasing the concentration of excess elemental Co to 10 wt%, a higher density of the
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spherical dark precipitates is observed in a large area of the HH matrix (Figure 7.2B). Some of
these small precipitates agglomerate to form large particles with size ranging from 20 to 50 nm.
Further increasing the Co concentration to 15 wt% resulted to the agglomeration of the small
precipitates into interconnected network (Figure 7.2C). High magnification TEM image for the
sample with 5 wt% Co shows that the dark precipitates are highly crystalline and coherently
embedded in the HH matrix (Figure 7.2D). The lattice parameter of the precipitate is ~ 0.63 nm,
which is comparable to the lattice parameter of the FH phase calculated from the XRD powder
pattern and the selected-area electron diffraction (insert of Figure 7.2D). This result confirms the

fcc FH structure of the observed nanoinclusions and is consistent with the XRD analysis.
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7.2.3 Thermoelectric properties
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Figure 7.3 Temperature dependence of (A) electrical conductivity; (B)
thermopower; (C) total thermal conductivity; (D) lattice thermal conductivity of
bulk Hfo 25210 75sNiSn/ Hfg 25Zrp 7sNiCoSn (HH/FH) composites.

Figure 7.3A shows the temperature dependence of the electrical conductivity of various (1-X)
HH/(x) FH bulk composites in the temperature range from 300K to 775K. Regardless of the
temperature, the electrical conductivity of (1-x) HH/(x) FH composites increases with increasing
Co concentration in the starting mixture. Various (1-x) HH/(x) FH composites can be grouped
into three categories based on the temperature dependence curves of the electrical conductivity.
For HH/FH composites with low Co concentration (X < 5 wt %), the electrical conductivity
increases with rising temperature, indicating intrinsic semiconducting behavior. The room

temperature electrical conductivity of the matrix and samples with 1 wt%, 1.5 wt% and 2 wt%
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Co is below 100 S/cm, whereas the sample with 5 wt% Co displays a higher electrical
conductivity (~ 537 S/cm) at 300K. When the temperature increases to 775 K, sample with 5 wt%
Co still shows higher electrical conductivity (~ 792 S/cm at 775 K) than samples with lower Co
concentration. The observed increase in electrical conductivity with increasing Co concentration
suggests that the FH inclusions formed within the HH matrix contribute additional carriers
leading an increase in the carrier concentration. Further increasing the Co concentration to 10wt%
resulted in an increase of the electrical conductivity to ~1800 S/cm at 300K.
The electrical conductivity of this sample remains nearly temperature independent suggesting a
semimetal-like character. This suggests that metallic FH phase is formed upon addition of more
Co to the HH matrix. At sufficiently high concentration of excess Co (x>12.5%), percolation
between metallic FH precipitates (Figure 7.2B) leads to large electrical conductivity values. At
300 K, the electrical conductivity of samples with 12.5 wt% and 15 wt% Co are 5051 S/cm and
5359 S/cm, respectively. The electrical conductivity of these samples decreases with rising
temperature, suggesting metallic or heavy doped semiconducting behavior. At 775 K the
electrical conductivity of 12.5 wt% Co and 15 wt% Co samples is 4781 S/cm and 5084 S/cm,
respectively. The observed large electrical conductivity of these samples is associated with the

large carrier density of the metallic FH phases.

Figure 7.3B shows the temperature dependence of the thermopower of the synthesized
HH/FH composites. All samples exhibit negative thermopower values in the measured
temperature range indicating n-type semiconductor. The thermopower of all samples increases
with rising temperature. Regardless of temperature, the thermopower of various composites
decreases with increasing Co concentration, which is consistent with the observed large increase

in the electrical conductivity. Largest thermopower values are observed for the pristine HH
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matrix (-164 pV/K at 300K and -192 uV/K at 775 K). Surprisingly, the thermopower decreases
drastically to ~ -60 uV/K at 300 K, upon addition of 1 wt% to 2 wt% excess Co into the HH
matrix whereas only a marginal increase is observed in the electrical conductivity. This
suggested that the Co-containing FH (Co-FH) inclusions formed within the n-type HH matrix act
as p-type dopants leading to a large drop in the thermopower due to bipolar conduction. Further
increasing the Co concentration to above 5 wt% resulted in a dramatic drop of the thermopower
to -15 uV/K at 300 K. The observed drop in the thermopower with increasing Co concentration
arises from an increased contribution of holes from the p-type Co-FH phase to the electronic
conduction within the n-type HH matrix. It is interesting to note that samples with low Co
concentration (Co < 5 wt%) shows strong temperature dependence of the thermopower. Below
650K, the thermopower of samples with less than 5 wt% Co gradually increase with temperature
reaching a maximum value around 650K. Further increase in the temperature resulted in minimal
decrease in the thermopower. The maximum value of the thermopower at 650K suggests that
thermally excited intrinsic carriers also participate to the conduction above this temperature. The
estimated band gaps are 0.26 eV for the matrix, 0.18 eV for the sample with 1 wt% Co and 0.13
eV for the sample with 2 wt% Co. However, the sample with 10 wt% Co concentration shows a
weak temperature dependence of the thermopower with a linear increase over the whole
temperature range. For the sample with 12.5 wt% and 15 wt% Co, the thermopower remain
almost constant in the measured temperature range. The observed alternation in the temperature
dependence of thermopower for the samples with various Co concentrations can be explained by
change in the conduction type from semiconducting to metallic behavior™?. Starting with a
semiconducting HH matrix with a band gap of 0.26 eV, additions of excess Co resulted in the

formation of impurity states within the band gap due to the formation of metallic FH phase. This

99



reduced the band gaps of the composite leading to an increase in the carrier density at a given
temperature. For high enough excess Co (> 12.5 wt%), the band gap completely vanishes

resulting in the observed metallic behavior.

Figure 7.3C and 7.3D show the temperature dependence of the total thermal conductivity
and lattice thermal conductivity of FH/HH bulk composites. The total thermal conductivity of the
synthesized composites increases with rising temperature. Regardless of the temperature, the
total thermal conductivity increases with increasing Co concentration. At 300 K, the matrix and
samples with less than 10 wt% excess Co have similar total thermal conductivity (~ 4.2 W/Km),
whereas samples with 12.5 wt% and 15 wt% Co showed higher total thermal conductivity (6.1
W/Km at 300K). As the temperature increases, the total thermal conductivity of the matrix and
samples with low Co concentration (x < 2 wt% Co) decreases to 4 W/Km at 775K. However, the
total conductivity of samples with 5 wt%, 10 wt%, 12.5 wt% and 15 wt% Co increases from 6
W/Km at 300 K to 13 W/Km at 775K. The lattice thermal conductivity (k_) was obtained by
subtracting the electronic thermal conductivity (k) from the total thermal conductivity, k. ke Was
estimated using Wiedemann-Franz law, k.=L,0c7, where L, = 2.45 x 10 WQK™? is the Lorenz
number. The lattice thermal conductivity of the matrix and the samples with x< 2 wt% Co
remains almost constant at 4 W/Km in the whole temperature range; whereas samples with 5 wt%
and 10 wt% Co exhibited a marginal increase in the lattice thermal conductivity with increasing
temperature. Further increasing Co concentration to 12.5 wt% and 15 wt% leads to a drop of the
lattice thermal conductivity to 2.1 W/Km at 300 K. The lattice thermal conductivity for the
sample with 15 wt% Co decreases with increasing temperature to a value as low as 1.2 W/Km at

775 K. The observed low lattice thermal conductivity of the sample with 15 wt% Co reduction
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can be explained by effective phonon scattering by the high density of HH/FH nano-interfaces

formed with the nanocomposites.
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Figure 7.4 Temperature dependence of (A) power factor and (B) figure of merit of
FH/HH bulk composites.

Figures 7.4A and 7.4B show the temperature dependence of the power factor and figure of merit
(ZT) of various bulk Hfy25Zro75NiSn/ Hfg25Zrg 7sNiCoSn (HH/FH) composites. Highest values
of the power factor (PF) were observed for the matrix in the whole temperature range. This large
power factor for the HH matrix is due to its large thermopower values. The power factor of the
samples with low Co concentration (x < 5 wt%) rapidly increases with increasing temperature;
while samples with 10 wt%, 12.5 wt% and 15 wt% Co concentration shows a weak temperature
dependence of the power factor. The power factor of samples with low Co concentration (X < 5
wt%) show a marginal decrease with increasing Co concentration in the whole temperature range
suggesting that the drop of the thermopower is compensated by an increasing in the electrical
conductivity. Samples with 10 wt%, 12.5 wt% and 15 wt% Co show a rapidly decreasing power
factor with increasing Co concentration suggesting that the electrical conductivity in these

samples cannot compensate the dramatic drop in the thermopower.
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Using the power factor and thermal conductivity data, a ZT value of 0.16 for the matrix was
observed at 775 K. The HH matrix and samples with excess Co show almost constant ZT
values at 300 K. Regardless of temperature, ZT values for various Hfg25Zro75NiSn/
Hfo 25210 7sNiCoSn (HH/FH) samples decrease with increasing Co concentration. This can be
attributed to the large increase in the electrical conductivity and drastic drop in the
thermopower due to both the large increase of the overall carrier density as well as bipolar
conduction resulting from the formation of p-type Co-containing FH inclusions within the n-

type HH matrix*Y,

7.3 Conclusion

In summary, the effect of Co-FH nanostructures on the thermoelectric properties of the n-type
HH matrix, ZrosHfo7sNiSn, was investigated. The composites were synthesized by high
temperature solid-state reaction of the pre-synthesized HH phase with various amounts of
elemental Co. We observed that the added Co element diffuse into vacant tetrahedral sites
within the HH structure to form Co-containing inclusions with FH structure*?. The volume
fraction of the FH inclusions is controlled by adjustment of the amount of elemental Co used in
the starting mixture. When the concentration of Co element is less than 5 wt%, the FH phase is
formed as spherical nanoparticles with diameter ranging from 1 nm to 3 nm, dispersed in the
HH matrix. However, increasing the concentration of Co to more than 10 wt% resulted in the
formation of large interconnected metallic FH inclusions. The embedded Co-FH inclusions
contribute holes into the n-type HH matrix leading to a bipolar conduction. This result in a
drastic drop in the thermopower and marginal increase in the electrical conductivity for samples
containing low volume fraction of the Co-FH inclusions; whereas samples with high volume
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fraction of Co-FH inclusions showed extremely low thermopower and very high electrical
conductivity!™. The total thermal conductivity of the composites increased with increasing
concentration of excess Co. This is attributed to an increase in the electronic thermal
conductivity due to the contribution of metallic FH inclusions to the electronic conductivity.
Interestingly, samples with 12.5 wt% and 15 wt% Co exhibited a dramatic decreased when the
electronic thermal conductivity was taken away. This was due to the formation of FH/HH nano-
interface. The combination of the power factor and thermal conductivity, the matrix had the

highest ZT value, 0.16 at 775K. And ZT decreased with increasing Co concentration.
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CHAPTER 8

CONCLUSION

To improve the ZT value for thermoelectric materials, enhancements in the electrical
conductivity and Seebeck coefficient must be achieved simultaneously with a reduction in the
thermal conductivity. However, this ideal condition is very difficult to realize in traditional
semiconductors. In this thesis, we explored several simple, cheap and efficient approaches to
enhance various electronic and thermal properties of HH matrices through creation of FH
nanophases, doping and grain size refinement. In our studies, it was found that the energy
filtering effect resulting from the contribution of FH nanophases in the HH matrix led to
enhancements of the Seebeck coefficient and carrier mobility of various HH/FH nanocomposites.

Building on results from Part-1, we explore in the second part the effect of FH
nanoinclusions on electronic transport in Tig1ZrogNixSn matrix heavily doped via Sh
substitution at Sn sites. Several samples of the Sb-doped nanocomposites,
Tio.12Zr09Ni1+xSNoo75Shoo2s containing incremental volume fractions of the FH second phases
were synthesized through solid-state reaction of the elements. We found that, increasing the
concentration of excess Ni, resulted in the agglomeration of small semiconducting FH particles
into large FH aggregates with metallic conductivity. The metallic FH phase does not exhibit the
energy filtering effects observed in Part I. Instead, a large increase in the carrier density was

observed in samples with increasing volume fraction of the FH second phase. This suggests
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additional doping of the Sb-doped HH matrix by the embedded metallic FH nanostructures.
Therefore, a large increase in the electrical conductivity and a drastic drop in the thermopower
were measured in most Sb-doped Tig1Zrp9Ni1+xSNpe75Shoo2s composites. However, large
reductions in the thermal conductivity were observed in samples with increasing Ni

concentration.

In the third part, the effect of band gap engineering through isoelectronic substitution of
Sn by Ge and mass fluctuation arising from the intermixing of Ti and Zr in the HH structure on
the electronic and thermal transports of TixZr1.xNiSngg75Geoo2s HH matrix in the temperature
range from 300 K to 775 K was investigated. A large reduction in the lattice thermal
conductivity was observed with increasing Ti concentration. Surprisingly, the thermopower and
electrical conductivity for the sample with x = 0.25 simultaneously increase with rising
temperature. The combined reduction in lattice thermal conductivity via mass fluctuation at the
Ti/Zr site and optimization of the thermopower and electrical conductivity through Ge
substitution at the Sn site significantly improved the figure of merit from 0.05 to 0.48 at 775 K
for the sample with x = 0.25.

In part IV, we apply the concept of energy filtering at HH/FH interfaces in
Zrg.25Hfo 75Ni14xSn1.yShy (X = 0~0.15 and y = 0.025, 0.01, 0.005, 0) composites with varying
doping levels. We observed that in the heavily doped regime, the effect of energy filtering at the
HH/FH interfaces on the overall carrier density of the ZrgsHfo75Ni14+xSniySby composites is
marginal. We show that this behavior is due to the fact that extrinsic carriers originating from Sb
substitutions at Sn sites occupy high-energy states in the conduction band of the HH matrix,
leading to their effective transmission across the potential energy barrier at the HH/FH interfaces.

Therefore, extrinsic carriers dominate electronic conduction in such a system and the filtering of
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low energy intrinsic carriers at the HH/FH interfaces has a negligible effect on the overall carrier
density of the compounds.

In the last chapter, we explore the effect of the variation in chemical composition of FH
inclusions on the electronic and thermal properties of HH phases. This is achieved by reacting
elemental Co with Zrg2sHfo 7sNiSn polycrystalline powder. X-ray diffraction and transmission
electron microscopy studies revealed the formation, through solid-state atomic diffusion, of
nanoparticles of Co containing full-Heusler (FH) phases within the HH matrix. We found that
the electrical conductivity of the resulting Zrg 2sHfp 7sNiCoxSn samples initially remains constant
for samples with x < 0.02, while the thermopower drastically drops for the sample with x = 0.02.
For Co content x > 0.05, the electrical conductivity gradually increases and the thermopower
drops with increasing Co content. This electronic behavior suggests that at low Co content the
electrical conduction is dominated by charge carrier compensation between the n-type HH matrix
and isolated p-type Co-containing inclusions, whereas at high Co content, electronic percolation
between Co-containing inclusions results in bipolar conduction within the Zrg,sHf 7sNiCoxSn

composites.
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