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Why heat?
 Thermal management High thermal
— e.g. passive cooling devices conductivity

— thermal barrier coating

Low thermal
 Renewable energy conductivity

— thermoelectric materials

Much less studied than electronic transport




From Fourier ..
macroscopic theory

Joseph Fourier
1768-1830
"Analytic theory of Heat”
continuum theory, partial
differential equations

Steady-state condition:  J =(kNT

thermal
conductivity




..To Pelerls
Kinetic theory of heat

transport

AT

"

i u
® Heat carriers: electrons and Rudolf

bl | | Peierls
lattice vibrations (phonons) 40 A g 1907-1995

Electrons: Wiedman-Franz N T

law: £ _ (
Y 4

@ Phonons: obey a transport
equation analogous to the
Boltzmann transport
equation, but with quantum
SfdfiSfiCS. Eleetrons and Phonons
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Equilibrium Molecular Dynamics

Green-Kubo formula (fluctuation dissipation theorem):

—
[ k= TV [(7(0)J(0))dt }

0

J is the heat flux, to be calculated as the time derivative of the energy
density R

Equivalently k can be obtained by fitting an Einstein-like relation for
Brownian motion (Helfand):

((R(1) = R(©))) = 2&[ 1 + (™" = 1)] with R(r) = jdt’](t’)

: : : 0 .
Special care must be taken when calculating R with periodic
boundary conditions.

Time and size convergence issues.
MD details: DLPOLY code - Tersoff interatomic potential.
Data collected in NVE runs.

ENERGY TRANSPORT IN LOW-D SYSTEMS - ICTP 2012
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Non equilibrium MD

Use Fourier’s relation: J=—-kkVT

hot cold hot

Exchgnge heat by exchanging particle 01 NI2Z-1NE Ni2+]
velocities every t

At stationary non-equilibrium compute
the gradient of T

1 2 2 7
E 5 m(vhot o Vcold) | I

K = F.Mueller-Plathe, JCP 1997 J
2TAVT

Results are strongly size dependent. 1 1 A

The standard approach is to scale k as: =—t L_

Lz K Z
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Outline
 Suspended graphene

e Silicon nanostructures:
— Thin wires
— Nanoporous Si and SiGe

— Contact conductance: SiNW/crystalline
Si interface

— Finite size wires

 Phase-change materials
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Suspended graphene
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Suspended Graphene

e Transport coeff. in 2D o e _ -
systems normally - o] © .f 3 —_ngﬂﬁﬂ :'
diverge % = %

Ezum— E”":_ J .

e This is not the case for = % S SR 'Y 1
graphene, due to out-of- 500 g ! ameg)
plane (ZA) modes* - % %

i e e L S S S % “““““ % _‘“%’ “““
10° ulm - '1;'1 o 10°

number of atoms n simulation LI-.”

*Ab initio anharmonic lattice dynamics (up to 3-phonon scattering):
N. Bonini, J. Garg, N. Marzari, Nano Lett. 12, 2673 (2012)

ENERGY TRANSFORT IN LOW-D SYSTEMS - ICTP 2012



THERMAL TRANSPORT IN NANOMATERIALS P:

Uniaxially Strained Graphene

e Ab initio LD predicts
divergence of k for any strain

KW/ m-R)

« k diverges for tensile strain
larger than 2% at finite
temperature

 raising the temperature to
800 K does not change the
crossover value of strain

Ki{iWim-K)
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Boltzmann transport equation
(made easy)

Boltzmann-Peierls equation: — 4+ vy -V, = | —
at df scat

single mode relaxation time approximation,

K,(q) =C(DVI (DT (D) 1 from MD

1t contains all orders of anharmonicities

Calculation of the single contribution from each phonon mode
Evaluation of the importance of quantum effects

This approach reproduces MD results for Carbon Nanotubes
(see DD, 6. Galli PRL 2007)
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Phonon dispersions and lifetimes

2

| unstrained
4% strained

8

Frequency (THz)
8 8 3
|
Lifetime (ps)

=y
=

Wavevector (Z2r/a)

Frequency (THz)
* Linearization of ZA modes near the I point along the strain axis

« assume: that each phonon contributes as k,(¢) = C,(@)V;(¢)T,(q)
— for w—0 1~W, K diverges for exponents larger than 1

>
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Can isotopic (C*2-C13) disorder suppress

KW m-kK)

200

00 300 400

1P g
5
25000 & ol . y i}
T 3
|
- P
R
£ 15001 al e
= 107y 10
LY. taie (pa)
1000F ¢ concentration
s — 00 %
— 1.1%
S0 — |0 %
— 50 % .
strain = 0.06
1 1 L L " 1 " 1 R i i i piil i i Liidi i Ll iid
00 &0 700 SO0 SO0 1000 1100 ?I.l | 10 1060 100
TiK} time (ps)

e 50% reduction of k in unstrained graphene by isotopic doping,
as seen in experiments*

e divergence of k persists even at 50% C*?/C*3 ratio

*Chen et al. Nat. Mater. 11, 203 (2012)
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Silicon nanostructures
for thermoelectric applications
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- ctric effic . AT A1+zT -]
ermoeiectric efrciency. n T, 1+ ZT +T. /T,

* Figure of merit ZT:

Seebeck coefficient Electrical conductivity

N
ZT=WT

Electronic thermal conductivity
thermal conductivity

Electronic properties are strongly intertwined, but the ionic
thermal conductivity may be decoupled

ZT>=1 for thermoelectric applications

>
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Silicon Nanostructures

Bulk silicon has a very low ZT (0.01 @ RT) but nano-Silicon may
reach ZT—1 + are compatible with Si-based technology

High ZT is mostly due to a drop of «; :

NVt a80 Gy 7008 deit 008 30 retur o D000 matune
Enhanced thermoelectric performance of rough THERMORECTRIC MATERIALS ..
silicon nanowires Silicon stops heat in its tracks
. , ) , . Patterning thin films of silicon to produce nanomesh structures can reduce their thermal conductivity without
..: IIllll: rlr.l:":::_r\_?:rl:m'\-:.:‘ I'lIC:TIII\.Il:Iluu -:-::H" Iil.llll Diar Delgscio’, Wenpe Lisng ', Enk C. Ganett’, Mark Majsrisn compromising their good electrical properties.
Giulia Galli and Davide Donadio
. 0l - - - namre

Silicon nanowires as efficient thermoelectric nanotechnology s el

materials

Akram |, Boukai't, Yuri Bunimovich't, Lamdl TaheeKheli', Jen-Kan Yu', William A Goddard 1" & James R, Heath' REdUCtion Of thermal condUCtiVity in phononic

nanomesh structures

Jen-Kan Yu!, Slobodan Mitrovic!, Douglas Tham, Joseph Varghese and James R. Heath*

K; bulk @ room temperature — 160 W/m K
K; hano-Si @ room temperature < 4 W/m K

ENERGY TRANSFORT IN LOW-D SYSTEMS - ICTP 2012
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Nanostructures and disorder

............

e

Different growth processes:
e VLS
— Growth in a preferential
direction only (<110>)

— Wires with smooth surfaces

4
r
w

W

v
i
.,.{

-

e e, 5 #

and thin a-SIO, layers py
» Electro-less Etching e
— The orientation of the wires is b o Viapponr—licuid-solid renowires
the same as the substrate . R
— Thicker oxide layer with rough « e
core-shell interface z, ] h
é .: i . "h“"'l:-E-rrr
. . . . = ".' -l-l-"""“""'llrrrr-"rl'l'
« Dimensionality reduction . L :
« Surface scattering é‘ ‘-I';m
Hochbaum et al. Nature 451, (2008) Tomgarairs 19
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MD results: thin SI nanowires

crystalline core/shell
STazezelatezeretieaset ittt i tet s B Is b .u'< 2ooIW/ K|S 1 h
= L . W
A AAAARAS SN OO000 | DUIK ~ m-
R R R R R O R i - .
200} s H T 4 nm I )
1.1 nm & ?
o T y' . 4 o 6 -
] £ 0T |
¥ 150} P 4 1 | 1 )
E A /. a S n
- - L = L T . N -9l bU'k
r:-:i:i: :':::.:'::_l:;':.:.:::_:.:i:;::;i § / c ] CLEELTEE LT PO T PO PP e PR T EPECEPRETRLT LR an
KM RRE. = ’ 1
"‘_'._“'l‘if‘-.'-..".""' 100»— / -
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l-'l..'l';.l-..‘..‘-i.'...‘p"'l"‘.l.*;“'.'..“-"p.; ™ ! . . § I
= -
2 1 I -
50 B I T T N
i | a-Si thin film
s | | 1 | | 1 1

1 | PR L PR |
500 300 200 150 ' 200 300 400 500 600
T (K) T(K)

Phonon-phonon scattering Lattice disorder scattering
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Dispersion curves and group velocities

200

Group velocities vanish in
the systems with surface

disorder
5 100 . | | |
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Boltzmann Transport Equation: results

BTE reproduces MD results for
crystalline systems

| ! | ] | ! | 4

ain contribution
— cryst 1.1 nm

)m low freq. — cyst2nm
acoustic modes — square 1.2 nm
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Allen-Feldman theory for heat transport in
disordered systems

e Group velocities are ill-defined in amorphous systems

» Vibrational modes may be propagating (like phonons),
diffusive or localized.

« Diffusive modes are heat carriers: they contribute to k as:

k,=C.D,;

2
e il olw-w)

Jj=i

D, =

» Diffusive modes are treated within the harmonic approximation

P.B. Allen & J.L. Feldman PRB 48, 12581 (1993)

ENERGY TRANSPORT IN LOW-D SYSTEMS - ICTP 2012
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Comparison with transport equation

200

Rough 2 nm wire
Finite length mode AF+BTE

150 with quantum - g up: ]
] ) statistics | 4{ % i ]
AR ; ==z asasiany

1 | ! | ! | ! | ’ | ! | Ell
i \ classical |
.: L

i

F 5

- = - e O

2E:

|

L I 1 i 5 4 1 1 i |
00 3200 300 400 500 600 b 100 200 300 400 500 800
T (K} T (K)

2
« Single phonon contribution to thermal conductivity: K, (@) =C,(v;(@T,(q)

e The Boltzmann transport equation result has to be supplemented by extra terms
accounting for “non-propagating” modes in core-shell wires

* “non-propagating” modes have zero group velocity but still contribute to heat
transport by hopping mechanism
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Nanomeshes & Nanoporous Silicon

First theoretical predictions of low x:
J-H. Lee, et al. APL (2007)
Fabrication and measurements:

J.-K. Yu et al. Nature Nanotech. (2010)
J. Tang Nano Lett. (2010)

d .

20 —

7 ]
o .Bo088,08°%

16 *TF eyt °
— 4 o
L o] °EBM oof
'I_ ke ——
E B ol
=
= 5
=
T
4 4+
=
_8 o o og O oo
2 3 ° B camp %o 0o o
= O [m}
é’ 5 oNwa O . . .

.
1 ++ MM wt * *at - EC
0 ||||| IIIIIIIIIIIIIIIIIIIIIIII

Temperature (K)
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Nanoporous Silicon
A bulk nanostructured material

' I ! I ' I
100k a-Sli T i
- 3 Korthogonal ]
= - 4
L t '
N TP UTEROPRUR |
- L Kparallel ]
1 L | ] [ L |
0 0.1 0.2 0.3
O
J-H. Lee, et al. APL (2007) Effective reduction of k, well beyond the
J-#. Lee, et al. NL (2008) volume reduction

Y. #He et al. ACS-Nano (2011)
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Nanoporous Silicon
Effect of surface roughening

‘h 1_ ' I ! I ' I
B I AT Sty
L 28R 1002 S, A 3
SRR Tt : -' K :
320t . orthogonal
o 21: = 4
Te7u" = - .
EE 10 E_ ....................... I _E
,ﬁ&‘ : Kparallel 1
s “'** :" BORS [ [amorphized f :
e . 1Z ore r
SR .%:"*%-:. , phuzed pore syrace]
0 0.1 0.2 0.3

o
Surface amorphization significantly reduces thermal conductivity along

the axis of the pores.

Y. #He, DD, J-Y. Lee, J. Grossman, G. Galli ACS-Nano 2011
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np-SiGe alloy

P « Even lower k
e np-Si . « Weak dependence on
> ol = np-SiGe } ] porosity, morphology and pore
E ] ; alignment
E& {- j  No temperature dependence
Hn‘ o ] 2 . ' ' T T T T T
: ¢
I . - ] 1.5¢ i
| ... L ! | L L L L )
0" 2 3 E
ds (nm) = ——%———i———%———i———i— ]
0 pnm~ ! Kpp W/mK | dynm | d, nm g&
0.27 1.09 0.36+0.03 | 0.70 | 1.00 0.5 .
0.15 0.62 0.564+0.04 | 1.26 | 1.00
0.10 0.39 0.7420.05 | 1.83 | 1.00 | | | |
0.07 0.27 1.0840.16 | 2.40 | 1.00 % 30 60 %0 1200
0.07(rough surfaces) | 0.27 | 0.98+0.15 | 2.40 | 1.00 T(K)
0.07 0.07 1784036 | 10.00 | _
0.07(20nm film) 0.07 1.8940.46 | 10.00 | 4.40 Y. He, DD and 6. Galli Nano Lett. (2011)
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Summary on Si nanostructures

« Main contribution to k in 1-D systems is provided by low frequency
acoustic modes

e Crystalline NW have k comparable to bulk
* ¥ can be reduced by 2 decades by surface amorphization

« The main reason for k reduction is the transformation of
propagating phonons into diffuse non-propagating vibrations: group
velocities are significantly reduced

« Nanostructuring, alloying and dimensionality reduction (thin films)
lead to extremely low k in nanoporous Si and SiGe

DD and 6. Galli, Phys. Rev. Lett. 102, 195801 (2009) SiNW

- DD and 6. Galli Nano Lett 10, 847 (2010) SiINW

* MYK Chan et al. Phys. Rev. B 81, 174303 (2010) SiGe heterostructures
+ Y. He, et al. ACS Nano 5, 1839 (2011) np-Si

- Y. He, DD, 6. Galli Nano Lett. (2011) np-SiGe

ENERGY TRANSPORT IN LOW-D SYSTEMS - ICTP 2012
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Simulations of open systems
Silicon Nanowire-based devices
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Open systems: scattering matrix approach
30nm

The energy flux between two parts A and B is expressed
In terms of the scattering matrix: S

@, = [d0 23 Sls, @ [f@.1) - f.1,)]

i€A jEB
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Scalable scattering approach: theory
|Bin)

P A Tt 51162
S1.1|Pbut) ot

S is obtained by decomposing the eigenmodes of the system
Into the incoming and outgoing reservoir states:

vi(w) = |¢} (w)) + Z S; i@t (W) + [Yher ()

- The transmission function is given by .7{0)=2.Z;S;(®)*
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Scalable scattering approach: implementation

. [s3
. . . Defect ! :
The eigenvalue problem is equivalent to a 1—S52
kernel equation* \ \S1'
)
Dv=uw’v & v cker(D—w?)
=l \s
Partitioning and knitting algorithm: .

{(Pi}/> Pi=1I v € ker(D —w?) < v €[ | ker(P(D — w?))

The approach is equivalent to Green’s Function

The final outcome are transmission spectrum .7 (w) and conductance:

* Note that frequencies are not quantized in an open system!

ENERGY TRANSPORT IN LOW-D SYSTEMS - ICTP 2012
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Knitting algorithm: serial reconstruction

Serial reconstruction

- » Start from a single seed

i ~ Solve neighbor kernel
~ Intersect with solution

v" Keeps memory needs low

& Complexity is R’
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Knitting algorithm: parallel reconstruction
L @ & @

- Parallel reconstruction

4
4 » Start with all kernels

") Intersect neighboring solutions

v Complexity is R®

i
A

A High memory requirement
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Bulk/wire monolithic coherent contacts

400 nm

Coherent contacts achieved by
photolitography

o Critical thickness ~ 80 nm

e Length from 5to 55 um

« (almost) zero contact thermal resistance
* xk~20WmiK-1
* k(T)~T3atlowT

Hippalgaonkar et al. Nano Lett 10, 4341 (2010)
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Model: bulk/SINW contact

‘ semi-infinite 3D
#  bulk

semi-infinite 1D
SINW

diameter from 2 to 14 nm
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Transmission spectra and conductance

—=10.25-

E 1 — wire 2nm 0454

2 - wire 3nm ' et

ol ' ——— wire 5nm 0.40- —

¥ 0.20- —— wire Tnm ~ l e n

p ' ——— wire 10nm g 0.35

3 ¥ 030 7

0 0.15 3 _ F

= = 025

c -G

 0.10- g 0207

; 8 0.154 —— wire 3nm

g 8 ] —

® 05 z e wire 10nm

= 3 0.05-

o .

Z 0.,00-=— R e = = - e - o e OOL'I < —— S
0 2 4 (5] 8 10 12 14 16 0 50 100 150 200 250 300 350 400 450 500

Phonon frequency (THz) Temperature (K)

» Transmission and conductance scale with the wire section (number of
atoms per slice).

 There are deviations from the trend for NWs with d<7 nm
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Shape and dimensionality

0.50 : - » Bulk convergence is achieved
Ny square wire 8.7nmn | d
- 0.45 ——— bulk 8.7nm cell already at 8.7 nm
£ 040 bulk 13nm cell
% round wire 7nm _
= round wire 10nm | | ¢ The normalized spectrum never
@ 0.30° i e 14 approaches the 3D bulk limit
0.25- (dimensionality/periodicity effect)

0.20-
0.15
> 0.10
0.05
0.00

 The shape of the normalized
spectrum depends also on the
shape

Num. of channel

0 2 4 6 8 10 12 14 16
Phonon frequency (THz)
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Crystal/nanowire interface

Real space evaluation of the heat flux for each channel

T ! | T 2 THz
| 10K --
ki 100K — ]

[ .: |I S00K -- o
:g | :'*.\ Classical — _
=l . 3
= b
== ki)
=21
== F
S5
= g E

2

0 0.2 04 0.6 0.8 1
mAf (mA)max

surface trasport vs core transport
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10 nm diameter wires between bulk leads

L between 10 and 100 nm

Very convenient to treat with our implementation:
- semi-periodic leads can be represented by replicating unit-cell solutions

- the wire can be divided in boxes, finding the optimal performance between
kernel equation and intersection
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10 nm wire between bulk reservoirs

-~ contact 10nm

bulk 13.0nm cell
==== wire 10x10nm

-=-=-- wire 10x20hm

= === wire 10x30nm

= === wire 10x50mm

= === wire 10x100nm
7T rough wirg 10x30nm

* The transmission spectrum
resembles the bulk for very
short wires
—> phonon tunneling

» For longer wires contact
resistance dominates

o
o
o

Normalized transmission (1/atom)
o
Mo
&

0o 2 4 6 8 10 12 14 16
Phonon frequency (THz)
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10 nm diameter wire between bulk leads

— wire 10x10nm
60- | wire 10x20nm _
— wire 10x30nm o2
— wire 10x50obm | 10 ! |_ 71.1075.73
50 — wire 10x100nm / 101 1 |
& |~~~ roughwire 10x30nm [ 01
= st 10 !
< 40 r
& 10 |
o) - -2
o301 JooaE 10 |
c -3
N 10 10 D ey
22 g 10 10 10
8 1 o e ‘_..n‘.'.':“-“-‘— .
O 104 . L SESEA TR IR e The conductance goes like T3
I M P at low temperature as in
N I s i experiments

.0 50.-100 150 200 250 300 350 400 450 500 (Ieron et al. Nano Lett. 2009)
Temperature (K)
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Transport regime In crystalline wires

Local energy Local flux
50nm crystalline @ 4.0THz 50nm crystalline @ 1.0TH:

[

IMmax

"
-

0

Average LDOS

ballistic conduction surface transport

=

10 20 30 40 50
Wire coordinate (nm)

’ 50nm crystalline @ 6.0TH Somaw sppstalling (9 40714
(]
=
o
5
< tunneling bulk transport
4] 10 20 a0 40 50

Wire coordinate (nm)
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Rough w

THERMAL TRANSPORT IN NANOMATERIALS




THERMAL TRANSPORT IN NANOMATERIALS P:

Transmission and
attenuation

160- N
. R ==== wirg 10x30nm (1)
140_ J| ’a"-_‘ |~ = Nne 1':]:.3‘“1"1 {E}
- b |==== wire 10x60nm
r
120 T W == wire 10x90nm
= Ll '|.'|I.|_
2 100- |I'r: L""I'l i
m s e “'1|I rl
5] i a P L ‘J’_ i.:
— ¥ 1
£ 80° e . @ i
i (o I
E 7 .t ’ i .-"", i "
| PR | r i ,"rd'.‘ 8 ‘j'l
E 'E'D ::I-":.l . l." L - # |1. - L1 :I=
1 ' %
'_. "t Flﬂ .lll "-_ ‘r'i ¢ II: T n Y IJ' r
i'-|-ﬂ la - y AN _.;"' F 5 § O |
Fy, _.-|I TL _.-”"‘ ¥ wyoa t
et ' o o
1 L9
| = # i - o % "'..F
207 F : vefemal o)
1 & L "..‘, Ll
0 nt 4
0 2 4 6 a8 10 12 14 16

Phonon frequency (THz)

 The reduction of conductance is not as
significant as in the infinite size limit of thin

wires

Rough wires act as a low frequency pass filter

60nm wire

=k

LDOS{w X)T(w)

"1.‘

f-"
i

LDOS{w, XY T(w)
m__ %

s

0 W M 30 40 S0 60 T B0 SO
X (nm)
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Contact and wire resistance

11
10 —a010'7%? | < T2dependence atlow T
0
10 | ’ .
. Contact resistance rules at low T and
10 . . . p-
5 remalns S|gn|flcant at room
10 . .
87 temperature: e.g. ~30% In 90 nm wire
| 10 .

144 100 10' 10° mmmmmmmm 0.8 ===~ wire 10x30nm (1)
—_ B - ==== wire 10x30nm (2)
X 12- e T 0.7 s ===~ wire 10x60nm
= ST e 1 e TIIfdsecla, |77 - wire 10x90nm
T 10 T e il Py ™
o A S 0517 oo
Q E'_ 1::;’ " E?i | ‘ "“_H
% 6- W E . I
= i Pl fmmm=mmm = 0. N cemmma
2 a4 SO _emTTT |e=== wire 10x30nm (1) 8 -

S 1 - === wire 10x30nm (2) & )
24 g = === wire 10x60nm
1 & ==== wire 10x90nm 00 .
' LM 1 v g 10 100

n LN [ e R S B SR B R
0 50 100 150 200 250 300 350 400 450 500

Temperature (K) Temperature (K)
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Summary

e Scattering matrix approach
— numerically stable and scalable (at worst O(N23))
— efficient parallel implementation
— direct space representation of energy and heat flux
— open source project to be released

 Nanowire devices
— calculation of the conductance of bulk/SINW contacts
— effects of dimensionality reduction and shape
— phonon tunneling in short SINW devices
— Effect of surface roughness much smaller than in infinite thin SINW

ENERGY TRANSPORT IN LOW-D SYSTEMS - ICTP 2012
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