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Why thermoelectricity ???

online slmuluhon und more

Nasty Problems

’

World carbon emission

1 Energy demand will - should continue tog

2 808+ is covered by fossil source
o‘a&

increases

3 CO,emissions must be gz
fraction of current,
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What inspired present research ???

) U
onlme ﬂmuluhon und more

Electronic structure in nanostructures?

Atomic scale interface treatment ??

Phonons in nanostructures ??

7~ :
Zs, AT -1 | 27
N 20 Treatment of alloys at atomic level ?*
'\o‘)o e '
© X ‘7 - 227
o) O o :
s N3 Atomic level treatment
@ 3 ,g';\ crucial to understand
et 25 the nano-scale thermoelectrlc propertles
5 » O N
=3 M=
5 S 5
& > 2
@ S
‘(<n o)
5 o
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nonoHUB .z« Outline of the talk

- U\/
online simulation and mor

Introduction to Thermoelectricity

— Basics

— Material Development

— Research vectors

Approach for thermoelectric (TE) analysis.
Research milestones

— Results for Silicon nanowires

— Scientific Outreach

Future Proposal

— Investigation of SiGe nanowire superlattices as TE material.
Summary

PURDUE Abhijeet Paul 4 i &



nanoHUB <~ Assessing thermoelectric efficiency: ZT

7N

Coefficient of Thot _ 1 @ Lot/ Toold

Performance T =T / JE%
; T ____=300K AT = 30K

U1

N

Heat énergy Large Scale Refrigeration
removed from I
cold side O
Heat energy ' \ _
added to hot o ZT =4 ‘The Holy g_ra.ll’
side - TE can replace existing

=
o)
-—
©
p—
D
(=)
=
)
| —

PURDUE sbhijeet Paul




Composition of Figure of Merit (ZT)

4 .
Generation of potential difference Generation of temperature
due to applied temperature difference due to applied potential
difference> "Seebeck Coefficient’. )| | difference - "Peltier Coefficient’
AV Measure of thermoelectric . AV Measure of thermoelectric
S=—— power generation (High) I[I=T F cooling (High)

AT )
GST “Thermoelectric Figure of Merit’
T = unitless quantity obtained at temp

ﬁ K, + K, "T'. Defined by loffe in 1949.

{Ability of material to conduct

{Ability of material to conduct heat

electricity—> "Electrical Conductance’ energy-> Thermal Conductance’

Al Measure of charge flow 1 AQ Measure of heat flow (Low)
G=—- (High) K=——— Both electrons (k.)and

AV T Ad lattice(k|) carry heat.

Large COP - High ZT = large GT large STand small K] desired !!!

PURDUE abhijeet Paul 6 2 S



Material of choice for thermoelectricity

TE Parameters —> | Electrical Seebeck Thermal

______ VT P Cond(lé;c)tivityT Cerféc)ientT Cond(lgthIWl
Metals X V~e1r(3)/7 I;I/Irgrj]h - II(()):Y//K l ~1o|;|i/?//hm-|< T
Insulators x Iosvxz—ﬁgﬁlfgm) High T - 10_2_|1'§XV W,*_K
Semiconductors / Mfoq?)esr/ite T ~12Hc;%r\]//r< ~lOL\(/)V\;\r/n-K ‘l'

Semiconductors most suitable TE material.

Allow separate control of G (electrons) and «k (phonons).

PURDUE abhijeet Paul 7 D



ZT enhancement...

~ N
Enhance Power factor Nanostructures
1990s— (S2G) by electronic provide DOS
\structure modification. JiS modification. y
3D - 2D 1D 0D
Z i \M :_I NI
E(eV) E(eV) EEFeﬁ?QS og'fé;'e?ﬁzz's
Phonon scattering DOS engineering
4 N N
Reduce thermal Nanostructures
1960s—s> conductivity by and alloys increase
phonon scattering. phonon scattering.

Nanostructures allow tuning of G, S and « !!!
PURDUE abhijeet Paul ‘ S



Material Research = ??? - Market

— Making research _
Promising Economically viable Potential

TE Materials \ Markets [1]

Crucial R&D vectors

> Fabrication of nanostructures.

» Robust thermoelectric
characterization

» Higher reliability
» Better structural stabllity.
» Efficient thermoelectric modules.
>
Research Economy $$$
Computer simulation an integral [1]Hachiuma & Fukuda

ECT, 2007

part to develop better TE
PURDUE Abhijeet Paul materials and modules 9 T D



nanoflUB <3 Outline of the talk

I\ O
online simulation and more

Approach for thermoelectric (TE) analysis.

PURDUE Abhijeet Pau 10 S



How to analyze thermoelectric
naNoriUo ==

onlinesimuluﬁndre properties Of materials ?

Material A <@ === r!

Material B <G == = a

Steady-state linear thermoelectric (Onsager’s) relations [1,2]

Electric current Heat current .
1, =GAV —(GS)AT | (I, =(GST AV +(x—S?GT JaT

K, T =
Z AT <<T

[1] L. Onsager, Phys. Rev. 37 405 (1931). -
PURDUE 4phijeet Paul [2] G. D. Mahan, Many-body Physics. i X <

Landauer’s Formula can be used to

AV| <

evaluate the transport parameters




= Pre - factor x

K| Lattice
Landauer’s Integral

Under zero current condition
e e I
G oL Socl /L K, oc L,

Landauer’s approach -

A suitable approach to calculate
thermoelectric transport parameters in nanostructures.

PURDUE abhijeet Paul 12 2 1S



E‘m = T a)m{< lphlfw) 1(} Phonon Integral
P

nonons need

, *No Fermi Level
. instein distributi 1
Both need Bose Einstein distribution (bosons!!)

* M(w) - Phonon dispersion.
Le/I -No. of modes, M(E).
m

-Mean free path (M), Accurate electronic &

phonon dispersions must !!!.

\ *Moment calculation near Fermi Level
Electrons need <Fermi Dirac distribution (fermions!!)

*M(E) - Electronic bandstructure.

Etop m
Lem:j S {de'(E)ﬂ(—% Electron Integral
kT L OE

PURDUE abhijeet Paul 13 D



The approach for TE analysis

Semi-empirical
Tight-Binding
(TB) method.

Modified Valence
Force Field
(MVFF) method.

of
semiconductors

Transport Theory
‘o

Landauer’s approach and
Green’s function method

Three ingredients for TE analysis in nanostructures

PURDUE abhijeet Paul 14 D



nanoflUB <3 Outline of the talk

I\ O
online simulation and more

Research milestones
— Results for Silicon nanowires

PURDUE Abhijeet Pau 15 S



Why thermoelectric analysis of

Si Nanowires (SINW) 227
How to cool the heating ICs ??

Silicon NW array
(thermoelectric element)

Heated IC

ealy 13]00)

Waste heat > Electricity Investigation of SINW
Two pronged advantage TE properties crucial
» Cool the chip. to explore
»Obtain electricity more ideas !!!

PURDUE sbhijeet Paul



nanorlUB = Experimental realizations...

U\ &2
online simulation and more

High ZT p-type SINW Thermal conductance
waste heat conversion reduction Silicon phonon mesh

=——7

».

ZT ~1 @ 200K ZT ~0.6 @ 300K k~19 W/m-K

Caltech, Nature, Berkeley, Nature,  Caltech, Nature nano.2010,
451,168, 2008 451,163, 2008 doi:10.1038/nnano.2010.149
100 fold rise in SINW ZT 100 fold reduction in
compared to Si nanomesh k compared to
Bulk Si ZT (0.01 @ 300K)!! Bulk Si (~148 W/m-K @ 300K)!!!

Nanostructuring (SINW) turns ‘lousy bulk Si’ to better TE material !!

PURDUE Abhijeet Paul 17 i &



Role of electronic structure on

Thermoelectric properties

1. Atomistic confinemenet effects on the Seebeck coefficient
(S) iIn SINWS.

2. Atomistic and uniaxial strain effect on thermoelectric power-
factor (S2G) of SiNWSs.

DEVICE DETAILS:
*Rectangular SINW - [100], [110] and [111] channels.

 Width (W) and height (H) varied from 2 to 14nm.

Electronic structure using
Atomistic Tight Binding S and G calculation using
method. Landauer’s approach.

PURDUE abhijeet Paul 18 D



Atomistic Tight binding Approach :

A short introduction

Assemble
TB Hamiltonian
and
obtain eigen energies

Zinc blende
unitcell — —+

Atomic Orbital
Interactions

ADVANTAGES
v Appropriate for treating
atomic level disorder.
v'Strain treatment at
atomic level.
v'Structural, material and
potential variation at
atomic level treated.

10 band nearest neighbor
sp3d®s* model with spin
orbit coupling.

Electronic structure [1] Klimeck et. al

calculation in SINWs CMES, 3,

Nano-structure

using Tight Binding [1] (TB)

PUEDUE abhijeet Paul
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Effect of atomistic confinement on E(Kk):

[100] SiNW

W confinement [100] SINW
' E(k)

H confinement

Conduction Band

- - - -

minima at I

8 06 04 02 0 02 O

KX [normalized]

H and W confinement symmetric for

100] oriented wires
PURDUE Abhijeet Paul LLOO] i



Effect of atomistic confinement on E(Kk):

[110] SiNW
2 : . . - 2
1 ok [110] SINW E(K) 19

W=2 H=14 W=14,H=2

minima a
Off-I

Conduction Band

02 0 02
Kx [normalized]

06 04

H confinement provides higher H

degeneracy (D=4) in [110] SINW.
PURDUE Abhijeet Paul 2 i



anoflUB = Tuning S by confinement

U\
online simulation and more

[100] X Sip VIK [110]X S;p VIK
e10”® ° )

19

6

_ M8
= £5 1.7
L ' f: 1.6
1.6 : 15

3
| 5 : 1.4

\

W [nm]

Both H and W confined
for high S

Only H confinement
Increases S

PURDUE Abhijeet Paul 2 e



18—

| ' | ' |

ntype Sl 00 <100>

%15&_ OO0 <110> |
Yl AA 411>
F‘g - <111> has
ST __highest PFax .
X N\ PP g = 12810 ]
< ~  BukSi < 100’5 _
N(D— 3 _:
— 00— 0—— 00—
N — S S A
0 ] ! | 1 | I | I
2 4 6 8 10 12 14
W =H [nm]
- N
*PF/Area improved for
SINW with W/H < 6nm.
*PF, . saturates in larger
_SINW. )

-4
S, X107 V/K]

Components of Power Factor

AF T T T T T T T T T T 73 —T T T 1 1 14
/
i o0 <100> il o0 <100>
ool O <110> _ O <110>
ODA <111> AA <111> s
2 n-type Si n-type Si TE
§%
o
1 | ¢ \Gjp/Area 23
1 L | )
1 R el
: ] 1
9 D
14_ S = i i
- 1D . D

PN AN T AN TR N T N T N PR N TR NN T N T N
205 8 10 12 142 4 6 8 10 12
W = H [nm] W =H [nm]

CSeebeck Coefficient is almost
constant at PF, .,
G per area shows a saturation with
\_<111> showing highest G/area value. /

<111> shows maximum PF
< . = NCN
PURDUE Abhijeet Paul W/H < 6nm improves PE 23 D



AR

PF [ X162 WiK?]

(X

~5%

0

(" GeNW )
better due
higher DOS

. L-valley. )

% uniaxial strain

Compressive strain
- inc. DOS near Fermi
level = Improves PF.

: = 10 ‘ V2.
15[ [100] : [100] O
| & TS
| L . A o WO
~15% | Si, 6nm X 6nm at ,f’ S 6nm<§( enm <$
I I C\I; ,’f ]
I | | § s
o
Si, 4nth X 4nm P o 6] .- O~
> - R,
~115% 1 | = "
| (Al -~
;o] 4f _-O
Ge, 4anmX4nm | | __.-7
I I O~ Si, 4nm X 4nm
. ... |ntypePF p-type PF
45\ -1 -05 0 05 1 15 %5 1 05 o0 05 1 15

% uniaxial strain

4 . . :
Compressive/Tensile strain

split VB-> dec. DOS near

_ Fermi level > degrades PF.

Compressive uniaxial strain improves n-type ballistic PF.

PURDUE sbhijeet Paul

24 ’%{Q’VC” [Nsr,



nanoflUB <3 New results from the work

A
online simulation and more

v' Atomistic approach shows:

» Width and height confinement = not equivalent at atomic
scale.

» Crystal transport orientation crucial.
v' Confinement direction important - design high S devices,
v' SiINWs with W & H < 6nm - improvement in Ballistic PF.
v’ <111> orientated SINW - best ballistic PF.
v Uniaxial Compressive strain - improves n-type PF.

PURDUE Abhijeet Paul 25 -



Role of phonon dispersion on

Thermoelectric properties

1. Phonon dispersion in bulk Si using Modified VFF.

2. Phonon dispersion in calculation in SINWS.

Effect of phonon dispersion on SINW lattice thermal
properties.

-

SINW DETAILS:
*Rectangular SINW - [100] channels
*Width (W) and height (H) varied from 2 to 6nm.

PURDUE abhijeet Paul 2 D



Phonon dispersion calculation:

Modified VFF (MVFF) model

Old Keating |[B] ﬁp]

Model [1] AB Long

Range  Coulomb
U Interaction )

[C] Ar Cross-bond i

Short AB stretch bend (y)
Range [2] Zunger et. al. 1999

\_Bond-stretching(a) Bond-bending(B),

mdterials [2]

Imp. For polar materials [2]

[E]

New combination of Interactions:

Ae, Modified Valence Force Field

AO, Calculate phonons in zinc-blende
materials.
Cross bond Coplanar bond
Stretching (0) bending(T)

_ H [1] Keating. Phys. Rev. 145, 1966.
Imp. for non-polar materials (2] PRB. 59,2881 1969, o

PURDUE Aabhijeet Paul ([3] Sui et. al, 1993) (3] PRB, 48, 17938,1993



What is the need for a new model??

Keating VFF Model | Over estimates Bulk Si
' ' ' ' Expt. (dots) [1]

o [1%Hz]

3. o \ ..
0 02 04\ 06 708 1 0 02 04 06 08 1
a vector [unitless] N->X£0/K->T" ->L g [unitless]I" ->X->U/K->I" ->L

New MVFF model matchs the
dispersion very well in the entire
Brillouin zone !!!

Over estimates
acoustic modes
at zone edges.

Expt. Data, inelastic Accurate phonon model crucial for correct calculation of
neutron scattering phonon dispersion in nanostructures.
(80K and 300K).

PURDUE Abhijeet Paul [1] Nelsin et. al, PRB, 6, 3777, 1972. 28 YD
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online simulation and more

12zrmxzom 112 Zanmxanm
== [100] free
10] lr//—/* 101 standing
— N ——— == 5
QL > e s
- o LW &
Lot of flat bands (zero velocity)
resulting in phonon confinement.
0 /4 RV P ___(b)
0 _ I0.5 1).(0 00 0.5 _ 1 00 0.5 1
d [unitless] T -=X. gx [norm.] X

Strong phonon confinement responsible for different lattice

properties in SINWs compared to bulk.

PURDUE abhijeet Paul 29 D



Vibrational modes of

free-standing [100] SiNWs

' ., /Flexural modes\

(1,2)
Bends the wire
" # |\ along the axis.

[Torsional modes\

(4)
Rotates the wire
. along the axis.

New vibrational
modes appear in
free-standing

nanowires.




7.5¢ SiINW [100] S
@ 7 ]
>% 5.5t V19 _ 584 Km/s .
' t [1]] Reduced sound
4.5¢ e velocity results in
1 lesser dissipation
35 3 4 5 6 of heat.
W =H [nm]
dBoth longitudinal and transverse sound A result of phonon
velocity is less in SINW. f ¢
dPhonon confinement results in flatter confinement.

values.

dispersions and hence smaller sound velocity.
QWith increasing W/H Vsnd move towards bulk

PURDUE sbhijeet Paul
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Ballistic lattice thermal conductance(c®d,)

in [100] SiNW

120 ; ' '
SiNW [100] 100p-=-GiINVW {00} = === === === mm e
100y 6nm X 6nm T =300K
80}
— 80[ <
< > :
| = 60 1 ~6 times
T _ 4nm X 4nm g _ | |reduction
ST - 40
20 3nm X 3nm - 201 _ _ '
<€~ ~3times reduction
0 100 200 300 400 % 3 4 5 6
Temp [K] W [nm]
UHigher temperature = more phonon population = inc. in thermal

conductance.
U Thermal conductance drops with decreasing cross-section size.

(from 6nm to 2nm).

with cross-section size reduction.

PURDUE bhijeet Paul 32

1~6 fold reduction in thermal conductance for ~3fold increase in width

Reduction in ballistic o, due to decreasing modes
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New things learnt from the work

v A new generalized model for phonon dispersion in zinc-
blende semiconductors.

v Model benchmarked with expt. data.
v Free standing SINW show:
» Very different phonon dispersion compared to bulk Si.
» New flexural and torsional modes
» Strong phonon confinement.
v Phonon confinement results in:
» Reduction of both longitudinal and transverse sound velocity.
» Reduction of thermal conductance in small SINWS.

PURDUE Abhijeet Paul 33 R @»



nanoflUB <3 Outline of the talk

I\ O
online simulation and more

« Research milestones
— Scientific Outreach

PURDUE Abhijeet Pau 34 S



nanolUB 2~  Global scientific outreach using nanoHUB.org

U U U\ _ /
online simulation and more

BandStructure Lab Semiconductor
(Research Tool) Educational Tools
' Crystal Viewer Tool

Periodic Potential lak

ometry: [Bulk material ] Result: |Unilcell Structure ¥ @

w *Calculates electronic bands
In zinc-blende structures.
..5=| *C/C++ based parallel code.

| —= _/ ~ | 6 C/C++ and MATLAB based -
Fai . .
| semiconductor physics tools
developed.
/— »Used in EE305 (Semicond.
A Introduction) at Purdue University
» Users (last 12 months) = 887
>Most popular tool on nanoHUB. > Simulations (last 12 months) ~3K
»Over 3K users.
> Till now ran 34503 simulations. Enabled dissemination of device
»Has been cited 28 times in research. physics knowledge globally.

PURDUE abhijeet Paul 35 D



nanoflUB <3 Outline of the talk

I\ O
online simulation and more

Future Proposal
— Investigation of SiGe nanowire superlattices as TE material.

PURDUE Abhijeet Pau 36 S



Why to study Si-Ge superlattices ??

W\
online simulation und more

/Si(001) nanodots Advantages of using SiGe:
. v'Advanced CMOS fabrication
2 Allows precise thermal . . .
- - -> high quality SiGe structure.
&% conductivity (k) control. % ) . : S
: >0 9W/m-K Easy integration with Si _
B8 (>100 fold reduction!!!) | Detter heat recovery at chip
§  Nature mat.,2010, level.
4 doi:10.1038/NMAT2752 | v Monolithic growth on Si >
higher energy conversion by

thermal resistance reduction.

v'In/cross plane tailoring 2
optimize TE properties.
3 5@575K

Unm

Nanoscale SiGe structures

SiGe Qdot SiGe nanowire ) _
Super Lattice superlattice will need atomic level
(0D) [1] (1D) [2] understanding!!!

SiGe structures provide high ZT.

[1] Harman et. al, Science, 80, 2002 o
PURDUE sphijeet Paut  [2]Wu et. al, Nano. Lett.,2, 2002. ¥ R



First steps towards future work...

{TE and thermal analysis SiGe nano-structures }

=Calculation of E(k) in SiGe alloys.

= | *Transmission calculation in SiGe nanowires.
o
(Q\|
=|_attice property calculations in Si-Ge structures.
*Thermal transport in SiGe superlattices (1D).
Sept 2010

Some initial results are presented for

the future directions

PURDUE abhijeet Paul 38 D



Bandstructure Calculation in SiGe alloys:

“Virtual Atom”
strain ___
EA,B T X(EA

Virtual Crystal Approximation in TB

[1] Bond-length modification.
aSiGe — XaSi + (1_ X)aGe

[2] On-site TB parameter modification.

+AL)+A—X)(Eg +Ag)

SiGe,strain Si
V — X(V 0107

0103

[3] Modification of coupling parameters

B n
aSi

B 1ce

)+ (L=X)V Zop,

_aSiGe _ _aSiGe _

Tight-Binding based Virtual Crystal Approximation === TB-VVCA
‘%iVCN @

PURDUE sbhijeet Paul



Benchmarking Bulk Band-structure

+ L L | .
Relaxed || 1.2 4 raska ]
5 i
~ 0.9 Robbins et. al CB minima_|
% 15 At B Yang et_al ]
S 50.6- =
g 1 1 @ [ TBWC T
L - £ - maxima-
05 = 0-3 | " _
B - Biaxial Strain| -

0 (La) 1 1 1 1 l 1 21 l 1 | o.°| | 1 l I-I-all‘;aqi Et!- alI 1 1 I | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Ge fraction ——> | Ge fraction ———>

*Cross-over at 85% Ge for relaxed SiGe Conduction band (CB)
captured.

*Valance Band Edge - equal amount of change in relaxed and
strained SiGe.

*CB edge is almost constant for all Ge% for strained SiGe Bulk.

First benchmark of experimental SiGe bandedges using TB-VCA.

Work Published in IEEE EDL , 31, 2010. doi: 10.1109/LED.2010.2040577
PURDUE sbhijeet Paul 40 R A
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)

Cross-plane
transmisson

Source
SipgsGeg 5

Sigz3Geg ~

SigsGeg ~

Transport in SiGe superlattice:

Transmission results®

2.1

G Conduction , | |
€ Band —— .,
S| ?";1.95'
3 19 -
1e3 Superlattice \ |
B —7~ Ideal Si |
Simulated "% 2 4 6
. Valence o35 / [
SiIGe Band
- -0.4f
Nanoww.e —
Superlattice <045 \A
Radius = 3 0.5 Cross-plane
3nm uﬂ;j Transmission

Drain

-0.55¢

Strong reduction in cross-plane

transmission due to material
mismaitch.

*This work in progress with Lang Zheng *



Thermal transport in SiGe superlattices:

» onlmslutloundmoe = Phonon NEG F*

How does heat flow in S'mSUIEgedSNZmO -scale l = 2 3nm
nano-structures ? _oOFbe-sldevice
| Si | o | Silg"
APPROACH v [ B S T h
Coherent phonon picture S 5 S |&
within NEGF* approach. | & 5 |R
70 - - V, =0 V, =0

60[Transmission| {}

Contl,T1 ! Channel 1 Cont2,T2
>, D, |

2,

Ge ' - - : .
o _ <\’: 1D Spring Model representation
0 0.5 1 0 0.5 1

of the device
D. = channel dynamical matrix

q, [norm] X fnm]

*Ge blocks the phonons. Work in progress for calculating ener
*Resonant states appear. prog g )%

density, phonon local temperature, etc.
*NEGF = Non Equilibrium Green’s Function R

PURDUE sbhijeet Paul



nanoilUB =2*~ Some open questions and probable solutions

. U\
online simulation and more

« How to handle alloy scattering in VCA for nanostructures?
— Use of bulk scattering potential not adequate in nanostructures.
— Use of random alloy method can provide solution.
— Work going on in this direction with Saumitra Mehrotra.
« Transmisison in SiGe super lattices:
— What happens to inplane transmission?
— What happens at other composition and widths ?
— Work in progress with Lang Zeng.
« Nanoscale thermal transport:
— Is boundary condition (BC) with temperatures correct?
— What is ‘temperature’ in non egb. nanoscale systems?
— Need BCs in terms of energy fluxes.

— Work in progress with Dr. Tillmann Kubis and Dr. Mathieu
Luisier.

PURDUE Abhijeet Paul 43 i &



nanoflUB <3 Outline of the talk

U\ >
online simulation and more

Summary
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Summary

online ﬂmuluhon und more

What inspired present research 772

nancHUB 48
« The current developments, challenges and

! Atomic scale interface treatment ??

Phonons in nanostructures ??

opportunities in thermoelectricity introduced.

« Thermoelectric analysis in semiconductor
nanostructures:

— Electronic structure and new lattice dynamics
model with transport.

Electronic and lattice effects on SINWs TE
properties:
— Tuning Seebeck coefficient by geometry —
confinement. Bl e gt
— Uniaxial strain improves n-type ballistic PF. e
— Reduction in ballistic thermal conductance due
to phonon confinement. R | m
Future research direction: Q.
— Analysis of thermoelectric and thermal effects |“e e 2

~1 A
Treatment of alloys at atomic level 727

(PN Atomic level treatment to understand
. nano-scale thermoelectric properties
O,

Qwell "}l

l/»
)5‘,; ol peds m
e

s‘a1)'(as'1a) 4
7o, 2

1)99]3 SSEID UOUO

Modified Valence
Force Field
(MVFF) method

o
Semi-empirical 4
Tight-Binding &
Up

(TB) method.
\}

High ZT SiNW heat Thermal conductance
conversion systems reduction Silicon ph

Advantages of using SiGe:
e ¥ Advances in Si fabrication
©>!  Jead to better quality SiGe

reduction.
¥Infcross plane ta\lurmg >
optimize TE properti

by thermal re:
[1] Harman e 1. al, Science, . 80,2002

PURDUE asjemtpeu [2[Wu el al, Mano. Lett, 2, 2002

in SIGe nanowire superlattices.
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