IMPROVEMENT OF THERMOELECTRIC PROPERTIES IN
NANOSTRUCTURES WITH CONSTRICTIONS

Pasan Buddima Henadeera

Reg No: 198032V

Degree in Doctor of Philosophy

Department of Mechanical Engineering

University of Moratuwa

Sri Lanka

November 2023
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ABSTRACT

The results of a study into the development of novel Thermoelectric (TE) materials by
engineering nanoscale constrictions are presented in this thesis. The aim of this
investigation lies in the development of an enhanced TE material. To achieve this, the
dependence of TE properties, specifically the TE figure of merit (ZT) on the material
properties has been considered. The enhancement of the ZT was achieved by reducing
the thermal conductivity (k) of the material. During this phase, the effects of different
nanoscale modifications to the material structure on its electrical properties are

contemplated to ensure that the TE ZT does not get vitiated.

Here, a novel nanostructure formed by the sintering of individual Silicon nanoparticles
in a linear fashion has been used and is referred to as a Nanoparticle Chain (NPC)
structure. The nanoparticle arrangement in an NPC structure causes nanoscale
constrictions to be formed along the transport direction of the structure. This is seen to
cause extremely low lattice k (reaching 0.614 W/mK) while preserving a considerable
amount of crystallinity. The fabrication procedure of the NPC structure has also been
considered through this study thereby ensuring that results can be translated to real-
world applications using existing technologies. During the investigation, an interesting
competing effect between two, phonon transport aspects has been observed to cause a
nonmonotonic trend in the k of the structure, while a variation in the phonon density
of states along the transport direction was identified to cause a k reduction to values

lower than those attained with comparably sized nanowires.

Further variations of the structure are obtained by expanding the zero-dimensional
constriction of NPC structures to a one-dimensional form referred to as Nanowire
Chain (NWC) structures. Subsequently, the electrical properties of the structures in
consideration are evaluated, and a three-order of magnitude enhancement in the TE ZT'
is observed in comparison to the bulk material. Thus, it is shown that nanoscale

constrictions can be engineered to enhance the TE performance of materials.

Keywords: Nanoparticles, Thermoelectric, Phonon transport, Electron transport, Ab-
initio modelling, Constriction engineering

i



PUBLICATIONS

Journal Articles

» P. Henadeera, N. Samaraweera, C. Ranasinghe, and A. Wijewardane, “Ultra-
low thermal conductivity of nanoparticle chains: A nanoparticle based
structure for thermoelectric applications,” J. Appl. Phys., vol. 130, no. 6, p.
064301, Aug. 2021.

» P.Henadeera, N. Samaraweera, C. Ranasinghe, and A. Wijewardane, “Surface
and constriction engineering of nanoparticle based structures towards ultra-low
thermal conductivity as thermoelectric materials,” Nanoscale and Microscale
Thermophysical Engineering., Minor revisions pending.

» P.Henadeera, N. Samaraweera, C. Ranasinghe, and A. Wijewardane, “Notable
thermoelectric performance of laterally arranged Si nanowires: Constriction

engineering as a promising pathway.” Submitted.

Conference Articles

» P. Henadeera, N. Samaraweera, C. Ranasinghe, and A. Wijewardane, “Ultra-
low Thermal Conductivity Through Nano-Constriction Engineering,” 13th
Multidisciplinary International Student Workshop (MISW2022), Tokyo
Institute of Technology, p 43, 2022.

il



This thesis is dedicated to my wife and my parents.

v



ACKNOWLEDGEMENTS

The work published in this thesis became a possibility due to the invaluable support

extended to me by many individuals around me.

First and foremost, I would like to express my sincere gratitude to all three of my
supervisors Dr. Nalaka Samaraweera, Dr. Chathura Ranasinghe and Dr. Anusha
Wijewardane for their support and guidance during my studies. It should be mentioned
that all three of them provided me with the freedom, independence, and time to pursue
the study in my own way while providing me with insight into how the work can be
shaped to a more impactful form. It was due to their critical thinking, broad
understanding of engineering practices and experience that I was able to achieve this

SucCCeEss.

I would also like to express my gratitude towards the National Research Council of Sri
Lanka for funding the research under grant number 19-032, without which the

numerical evaluations would not have been possible.

I owe my deepest gratitude to my brother Sahan Henadeera for the support and
guidance provided in accelerating components of the phonon modal calculations using
the NVIDIA CUDA architecture. Furthermore, it is a pleasure to express my gratitude
to Prof. Mahinsasa Narayana from the Department of Chemical and Process
Engineering for providing access to the server to conduct memory-intensive

calculations in lattice dynamics.

I would also like to express my thanks to the academic staff of the Department of
Mechanical Engineering including Dr. Inoka Manthilake and Dr. Sanjeeva Witharana
for their tremendous support, guidance and constructive criticism provided during
various stages of the research. Furthermore, the support of my colleague Nipun
Chamara should be appreciated as well. The random discussions with him and Dr.
Nalaka Samaraweera on off-topic subject areas allowed me to gain insight into other
research fields and enabled me to extend my vision beyond the boundaries of my

project.



I also wish to acknowledge the support provided by Mr. Kelum Jayawardana in setting
up and maintaining the computer hardware. Additionally, I would express my gratitude
towards Mr. K.T. Priyantha and Mr. U.W.T.N. Piyawardana for providing the

computational resources available at the Aeronautical Engineering laboratory.

I am deeply in debt to my wife Vimeshi Henadeera and my parents for their
tremendous dedication and motivation while providing me with a peaceful
environment to conduct my research. Their selfless sacrifices and support during the

research are highly appreciated and will be remembered forever.

Finally, I would like to express my heartfelt gratitude to everyone who helped me in
the realization of this success, and I would also express my apology as I may not have

mentioned all of them by name.

vi



DECLARATION

| declare that this is my own work, and this thesis does not incorporate without
acknowledgement any material previously published or submitted for a degree or
diploma in any other university or institute of higher learning and to the best of my
knowledge and belief it does not contain any material previously published or written

by another person except where the acknowledgement is made in the text.

Also, | hereby grant to the University of Moratuwa the non-exclusive right to
reproduce and distribute my dissertation, in whole or in part in print, electronic or other
medium. | retain the right to use this content in whole or part in future works (such as

articles or books).

................................. 06/11/2023
PB Henadeera Date

The above candidate has carried out research for the doctoral dissertation under my

supervision.
................................. 06/11/2023
Dr. KKMNP Samaraweera Date
................................. 06/11/2023
Dr. RACP Ranasinghe Date
................................. 06/11/2023
Dr. MA Wijewardane Date

vii



TABLE OF CONTENTS

ABSTRACT ...ttt sttt ettt et sttt et st beeneesaeens il
PUBLICATIONS ...ttt ettt st sttt st s il
JOUMNAL ATEICIES ..ot i1
CoNTErence ATTICIES. .. .eiiuiieiieiii et i1
ACKNOWLEDGEMENTS ..ottt \
DECLARATION ..ottt ettt ettt saeese e sneenseeneas vii
TABLE OF CONTENTS ...ttt viii
LIST OF FIGURES ..ottt sttt sttt st Xi
LIST OF TABLES ...ttt ettt et XV
NOMENCLATURE . ..ottt sttt et st XVi
LIST OF APPENDICES ..ottt XX1
Chapter 1 : INTRODUCTION........coouiiiiieiiiieee ettt e 1
1.1 The Prospect of Thermoelectric Power Generation............ccecceeveeeerieeenieeneeenen. 1
1.5 Scope of the Present Work.........cooouiiiiiiiiiiieee e 5
1.6 Outline of the TRESIS ......eeiiiiiiiieeeee e 5
Chapter 2 : ENHANCING THERMOELECTRIC PERFORMANCE VIA
NANOSTRUCTURING ...ttt st s 7
2.1 Thermoelectric GENETAtION. ......cc.ueiruierieeiieriie ettt 7
2.2 Prospective Nanostructure Variants for Thermoelectric Applications .............. 9
2.3 Thermal Transport in Nanomaterials ...........ccceeevveeerieeeiieeniieeeiie e 16
2.4 Electron Transport in Nanomaterials ..........cccceceveeneriienienenieneeneneeneeeeeeen 17
2.5 The Selection of Suitable Materials for Thermo-Electric Applications........... 19
2.6 The Nano-ConStriCtION. .......ceeuieiiieriieiie et erite et esiee et siee et esiteebeeseeeeseesaeeens 20
Chapter 3 : THEORETICAL BACKGROUND ......cooiiiiiiiiieieeiieeeeee e 23
3.1 Outline of the Theoretical Background............ccocceveriininiininiininicncceeen 23
3.2 Modelling the Lattice Properties of Nanostructures ...........ccceeeveeecrveenveeennnnn. 23
3.2.1 The Lattice Thermal ConductiVity .........cccceeeriieeriieeeriieeieeeiieeeee e 24
3.2.2 The Phonon Density of States.........ccccvieviiieiiieeiiieeiee et 29
3.2.3 Understanding the Physical Properties of Nanostructures........................ 30

3.3 Lattice Dynamics and the Modal Resolution of Phonons.............ccccceeernneee. 32

3.3.1 The Normal Mode Decomposition and Phonon Vibrational Lifetimes.... 34
3.3.2 Understanding the Localization of Phonon Modes...........cccceevuveruirannennee. 35

viil



3.4 Modelling the Electronic Transport in Nanostructures............ceccveeeveereeeennenne. 35

3.4.1 The Boltzmann Transport EQUation............cccceeviereieenieecieenie e 39
3.4.2 Determining the Scattering Rate of Electrons...........cccceeevvevciieencieennenn, 41
Chapter 4 : ANALYSIS OF THE THERMAL TRANSPORT IN PRISTINE NPC
STRUCTURES ...ttt ettt et e enseennesneans 43
4.1 INErOAUCTION ...ttt ettt ettt et e et esbeenneeens 43
4.2 Theoretical and Computational Formalism.............cccccveeeviieniiieenciieenieeeieeens 44
4.2.1 Fabrication of Nanoparticle Chains ...........cccoeceeeviieriieeiiieniieeieenie e 45
4.2.2 Nanoparticle Mesh Structures ..........ccceevieeciienieeriienieeieeeie e 47
4.2.3 Evaluating the Thermal Conductivity ........cccecueevuierieeniienieeiienieeieeniiens 48

4.3 Results and DIiSCUSSION........ccueeriiriirieiieieeiieieeie ettt 50
4.3.1 The Fabrication PTrOCESS .........cccuevieriirieniieienieriteieeee e 50
4.3.2 Evaluation of Bulk Thermal Conductivity .......c..cccceevuereeveriieneenenecnnenn 56
4.3.3 Effect of Constriction Size on Lattice Thermal Conductivity .................. 58

4.3.4 Reason for the Lower k in NPC Structures Over Comparable Structures 61

4.3.5 Extending the 1D NPC Structure to a 2D Form........cceceeverveniininicncne. 64

4.4 Conclusions for Chapter 4...........cuoouiiiiieiieie et 66
Chapter 5 : REDUCING THE k OF NPC STRUCTURES........ccccooiiiiiiiiieiieee 67
5.1 TNIOAUCTION ...ttt ettt ettt e bt e e ee 67
5.2 Theoretical and Computational Formalism.............cccceevveeeviiiniieeniieeeiieeen 67
5.3 Results and DISCUSSION........covuiiriiiriiiiiieiieeieeste ettt 69
5.3.1 Core/Shell NPC StrUCtUIES .......ccoueiriieriiiiienieeiteeieeee e 69
5.3.2 Superlattice NPC StrucCtures.........c.cceecveeeriieeriieeiiieeiee e eiee e eevee e 72
5.3.3 Shell Alloyed NPC Structures.........coecveeeriieerieeeriieeieeeeeesieeeeveeesvee e 75
5.3.4 Surface Atom Removal in NPC Structures............cceeveeeiiienieniiienieeieenne 80
5.3.5 Comparison with Similar Structures ...........coceeververeinenienecneneneeeeee, 82

5.4 Conclusions of Chapter S........c.coiivirieriiiiiienieeeereee et 84
Chapter 6 : EXTENDING THE 0-D CONSTRICTION TO 1-D..cccccoveivriiniiiennen. 86
6.1 TNIrOAUCTION ...ttt et e 86
6.2 Theoretical and Computational Formalism............cccccevvvveeiiieniieeniieeeieeeen 87
6.2.1 Expanding the 0D Nano-Constriction to a 1D Form ........c.cccoceeviennennn 87
6.2.2 Evaluating the Electrical Properties of Nanostructures ............c.cccceeuveene. 87

6.3 Results and DiSCUSSION. .....ccueviiriiirierieriieieeeeiteeee et 89

X



6.3.1 The k; Of NWC StruCtUIes ......veeeeviiieiiiecciiee ettt 89

6.3.2 The Electronic SrUCTUIE .......c..cevuerieriieiienieniieienesieeie et 93
6.3.3 Deformation Potential and the Electron Relaxation Time........................ 95
6.3.4 The Electron Transport Properties ..........ccceecveerieriieenieecieenie e 96
6.3.5 The Remarkable TE Performance of Nanoscale Constrictions................. 98

6.4 Conclusions Of Chapter S........cociieiiiiiiiiiecieeecee e 100
Chapter 7 : CONCLUSIONS, LIMITATIONS AND FUTURE WORK................. 102
7.1 CONCIUSIONS ...ttt ettt et e sttt e st e et eseeesbeesaeeens 102
7.2 LIMIEALIONS +.evenvieneeriierieeie ettt ettt ettt sttt st sb et st e et et et enbe e 103
7.3 FUtUre WOTK ..o 105
REFERENCES ... .ottt sttt ettt 107
APPENDIX A: Ge Coating on 10 nm Diameter Si Nanoparticles ...........ccccceeuenee 131



LIST OF FIGURES

Figure 2-1 Different nanostructure types (a) Indium nanowires [38] (b) Bismuth

Telluride nanowire [39] (c) superlattice nanowire [40] (d) nanoparticles [41]. ........ 10
Figure 2-2 Schematic representation of a Nanoparticle Packed Bed (NPB). ............ 20
Figure 2-3 TEM images of sintered Ag nanoparticle chains [95]..........cccceeevvveenenne. 22

Figure 3-1 Region specification in NEMD direct method thermal conductivity

e 721 LU F: 15 (o) s R 27

Figure 3-2 The process of solving the Kohn-Sham equations using a self-consistent

Figure 4-1 Single Si nanoparticle of 5 nm diameter at 300 K. Red: Shell atoms, Green:

COTE ALOIMS. ...ttt ettt ettt et et 46
Figure 4-2 Si nanoparticle chain of 5 nm diameter at 300 K. ............cccooiriininnnnee. 47
Figure 4-3 The NPM StrUCLUIE. ......cccuiiiiiiiiieiieeieeiie ettt e 48

Figure 4-4 Variation of diffusion coefficient with temperature for a Snm Si
nanoparticle. Inset: Cross section of nanoparticle with colours demarcating the shell

AN COTE TEZIOMS. ..uvieniieeiiieiieeteeet et et e et et e et esteesabeestteenbeesseesabeesseeenbeesseesnseesnnaens 50

Figure 4-5 Time lapse of the sintering process. (a-h) cross section of a constriction

showing the atomic structure classification according to the neighbourhood (i) legend.

Figure 4-6 Structures generated by the two techniques (a) Method 1 (b) Method 2. 55

Figure 4-7 Temperature profile across two NPC structures consisting of four, 5 nm
diameter Si nanoparticles formed by Method 1 (blue circled) and Method 2 (red dashed

line With asterix MAarker). .........coociiiiiiiieiie e e 56

Figure 4-8 An NPC structure with 5 nm diameter 60% constriction (a) direct method
k; vs length (red: a line joining the individual k; values at each length for reference,
blue dashed: the converged value of k;), (b) GK EMD k; variation with correlation

time (black: results of individual calculations). ..........cccceevvieriieiiiniiiiiieieeeee e, 57

xi



Figure 4-9 Dependence of k; on the constriction size for a 5 nm diameter NPC...... 58

Figure 4-10 Participation ratio of phonon modes in Bulk Si and NPC structures with 5

nm diameter nanoparticles and different constriction ratios. ..........cccceecveveereervennennn 59
Figure 4-11 Phonon mode relaxation time in Bulk Si and NPC structures. .............. 60

Figure 4-12 Particle diameter vs (a) k; for 30%, and 60% constriction sizes (b) k; and
Thermal resistance variation at a constant constriction diameter of 3 nm (lines are for

TEIETENCE ONLY). 1eiiiiiieiiie ettt e e e e ve e e sas e e e saseeesnsee s 61

Figure 4-13 (a) (JA(DoS)|) variation in NPC structures (b) DoS variation in different

regions of NPC and nanowire StrUCTUIES. .........c.ceovveevieriieeieeniieeieeneeereesieeereeneneennees 63

Figure 4-14 Constriction properties for 5 nm diameter 60% constriction NPC structure
with 8 nanoparticles, left: temperature profile across the NPC structure (red circles),

right: constriction resistance at each location (blue triangle)..........ccccovevveecriennennnn. 64
Figure 4-15 The k; of NPM structures with different defects. .........cccoceveeiiniencnn 65

Figure 5-1 (a) 5 nm diameter 30% constriction nanochain with Si2 shell (Green Si2,
red Si), (b) Normalized k; of 5 nm diameter core-shell NPC structure with 30% (red
dashed line) and 60% (blue solid line) constriction with varying Si2 shell thickness.

Figure 5-2 Variation of Participation Ratio (PR) in 5 nm diameter 60% constriction

NPC structures with Si2 shell thickness in core/shell NPC configurations. .............. 71

Figure 5-3 Relaxation time of phonon modes in 5 nm diameter NPC structures (fixed

constriction size of 60% with varying shell thickness). ......c...cccceeceeviniininiininennn. 72

Figure 5-4 (a) Superlattice NPC structure (red: Si atoms green Si2 atoms). (b) Period
length of a superlattice NPC StrucCture. .........ccceevveieiieeeiiieeieeceeeeiee e 73

Figure 5-5 The k; variation with period length in 4 nm 60% constriction superlattice

INPC SETUCTUTES. ..eeeeee ettt e et e e et eee e e et e e e e e e e e eeaaeeeenanaeeeeenans 74

Figure 5-6 Atomic representation of 5 nm 60% constriction NPC structures (red: Si
atoms green Si2 atoms) (a) exterior view of SA NPC structures (b) cross section of

SA-1 NPC structure (c¢) cross section of SA-2 NPC structure. .........cceeeeveerveeennenn. 75

Xii



Figure 5-7 (a) The effect of shell thickness variation at constant alloy concentration.

(b) The k; variation with alloy concentration in SA-1 NPC structures. .................... 76
Figure 5-8 The k; variation with alloy concentration in SA-2 NPC structures. ........ 78
Figure 5-9 The relaxation time variation of different NPC structures. ..............c....... 79

Figure 5-10 Atomic representation of 5 nm 60% constriction shell alloy NPC structures

(red: Si atoms blue atoms marked as the outermost shell) (a) exterior view (b) cross

SECLIOME VIBW. ..utieniiteutteeite et ettt et e et et e ettt et e s it e et e e sbbeenbeesaeeembeesaeeenseesseeenbeesneeenneennee 81
Figure 5-11 The k; variation with atom removal rate in NPC structures. ................. 82
Figure 6-1 Si nanowire chain of 4 nm diameter at 300 K. ..........ccoceeieniiniinininnenne. 87

Figure 6-2 (a) The k; of NWC structures with varying constriction ratios (ratio between
constriction width and NWC diameter). The 0% constriction size indicated non-

sintered nanowires. (b) The |A(DoS)| between the constriction and the core of NWC.

Figure 6-3 Variation of relaxation time in NWC structures (a) with constriction size in
4 nm diameter nanowire NWC structures (b) with 2.4 nm constriction size at different

NANOWITE QIAITIETETS. .eveeernneeeeeee ettt e eeeeeeeeeeee e eaeaeseeeeeaaeenaaeseeeeeeeeannaaeasaeeereeennaaaaens 92

Figure 6-4 The k; of 4 nm diameter 30% constriction core/shell NWC structures with

varying shell thiCKNEss. ........cocoiiiiiiiiiiiii e 93
Figure 6-5 Band structure along the L-Gamma-X-U-Gamma path in bulk Si. ......... 94

Figure 6-6 Band structure along the Gamma-X direction (perpendicular to the
constriction) in 4 nm diameter NWC structures (a) free Si nanowire (b) at 30%

constriction width (c) at 60% constriction wWidth. .........cccccoeviiriiiiiiniiie, 94

Figure 6-7 Total energy and CBM variation with strain in 4nm diameter NWC with
(a) 30% and (b) 60% CONSLIICTION TALIO. ..eeeruvrrerereeeiieeereieeeieeeeireeeieeeeeeeeeaeeeneaeeeeenes 96

Figure 6-8 The thermoelectric transport properties (a) Seebeck coefficient (b) electrical
conductivity (¢) power factor and (d) electronic thermal conductivity of different NWC

configurations with 4 nm diamMELer. ..........cceeviiiiiiiiiiiiieie e 97

Xiii



Figure 6-9 The ZT of NWC structures (a) with carrier concentration (b) with

11510010153 X2 1L USRS 99

X1V



LIST OF TABLES

Table 2-1 Dependence of k on lattice and electronic contributions. ............c.cceueee... 12
Table 2-2 TE properties of some common types of materials. ..........cccceeerveereennennee. 19
Table 4-1 Variation between the two methods employed...........cccoeveiieiiiniiiinnnn. 54

Table 5-1 Properties of structures reported in the literature and the current study.... 83

Table 6-1 Variation of charged carrier properties in NWC structures....................... 95

XV



NOMENCLATURE

Abbreviations

0D

1D

2D

BTE

CBM
COMPASS

CUDA
DFT
DMT
DoS
DP
DZzZP
EMD
GGA
GK
GPU
GULP
HCAF
JKR
LAMMPS
LD
LDA
LJ
MCSN
MD
MEMS
MFP
NEMD

Zero Dimensional

One Dimensional

Two Dimensional

Boltzmann Transport Equation
Conduction Band Minimum
Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies

Compute Unified Device Architecture
Density Functional Theory

Derjaguin Miiller Toporov

Phonon Density of States

Deformation Potential

Double Zeta Polarized

Equilibrium Molecular Dynamics
Generalized Gradient Approximation
Green Kubo

Graphics Processing Unit

General Utility Lattice Program

Heat Current Autocorrelation Function
Johnson Kendall Roberts

Large Scale Atomic/Molecular Massively Parallel Simulator
Lattice Dynamics

Local Density Approximation

Lennard Jones

Modulated Core Shell Nanowires
Classical Molecular Dynamics

Micro Electro-Mechanical Systems
Mean Free Path

Non-Equilibrium Molecular Dynamics

xXvi



NPB
NPC
NPM
NWC
Ovito
PGEC
PW
SA
SA-1
SA-2
SED
SEM
SW
TE
TEG
TEM
VBM

Variables

Greek letters

Nanoparticle Packed Bed
Nano Particle Chain

Nano Particle Mesh

Nano Wire Chain

Open Visualization Tool
Phonon Glass/ Electron Crystal
Plane-Wave

Shell Alloyed

Type-1 SA

Type-2 SA

Spectral Energy Density
Scanning Electron Microscopy
Stillinger Weber
Thermoelectric

Thermoelectric Generator

Transmission Electron Microscopy

Valance Band Maximum

Electrical conductivity
Efficiency

Per Atom Stress Tensor

Phonon density of states at omega frequency

Frequency

Potential energy

Potential energy between two neighbors at a distance x from one another

Energy of interaction between the i™ and j™ atoms in the a™ and b™ unit-cells

Xvil



Roman letters

o

O QL O

D
|A(DoS)|

Center of the Lorentzian function

Full width at half maximum of Lorentz function
Relaxation time

Wave function at location r

Velocity of electrons

Relaxation time of electrons

Velocity of the j™ atom at time t

Phonon normal mode

Phonon branch

Total potential energy

Conjugate of the eigenvector of the n mode at the wave vector K

Eigen vector of the i atom for the n™ normal mode

Eigen energy of electrons

Speed of light

Elastic constant
Dimensionality of the system
Diffusion Coefficient

The dynamical matrix
Difference in Density of States
Charge of an electron

Electric field

The potential of deformation
Total energy of an atom in equilibrium
Energy of the band edge
Lattice energy

Total energy of the system

xviii



E,. Exchange correlation energy

F Force constant matrix
fie(r,t) Distribution function
h Reduced Planks constant
H Magnetic field
J.(n) Heat Flux in the x Direction at Time t =n
k Thermal conductivity
kg Boltzmann Constant
k, Electronic Thermal Conductivity
k; Lattice Thermal Conductivity
k, The thermal conductivity in x direction
K Wave vector
Al/l, Applied strain
L Lorentz Number
m, Mass of electron
m; Mass of the i atom
N Total Number of Atoms
Ncenr Total number of cells
P Probability
PR Participation Ratio
q Heat Flux
q Heat Flux vector
0 Phonon normal mode coordinates
r Displaced position of atom
To Equilibrium position of atom
S Seebeck coefficient
Si Per-atom stress tensor
Time
T Absolute Temperature
T, Sampling time
T, Cold side temperature

XiX



Hot side temperature

Kinetic energy of the system

Small displacement

Amplitude of the phonon

displacement vector component of each atom in the a™
unit cell

a'™ component of the velocity of the i atom in the a™ unit
cell at time t

Volume of the System

Unstrained volume

Effective external potential

Infinitesimal volume

Electron-electron interaction energy of the system

Figure of Merit

XX



LIST OF APPENDICES

APPENDIX A: Ge Coating on 10nm Diameter Si Nanoparticles 131

xxi



