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Modification of dispersion
relation (phonon engineering)

PN

Modification of group velocity —— Modification of relaxation rate

~N

Thermal conductivity

Improve ZT
Towards zero power ICT



Phonon MPF

in bulk Si = 41 nm @ RT Debye model
260 nm considering dispersion
300 nm (Ju & Goodson, APL 1999)

(cf Electron MFP = 7.6 nm)
Dominant phonon wavelength

rg =09 /(1) inSiny=1.4nm@ RT

/ \ = 4000 nm @0.1 K

velocity of 1.48 kg T
sound To confine phonons in the strong regime
at RT need structures with ~ 1-10 nm

lateral dimensions

From A Balandin, UC Riverside
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Double-gate SOI transistors

top gate oxide, SiO2 »
\ /Top gate poly-Si
W bonded A SiOz2

interface I ooewes - SEERESOP

L

BOX (back gate ox)

(111) n+ Si subst. n+ contact

Back gate

n- or p- Si

B SOnm

Cross-sectional bright field TEM
image of a DG-SOI FET with a 18

. _ _ nm-thick channel
M Prunnila, J Ahopelto, K Henttinen and F Gamiz

APL 85, 5442 (2004)
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« Effect on charge carrier mobility
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Effect of ¢ - ' : ' - . - - -
phonon QUANTUM WELL WITH FREE-SURFACE BOUNDARIES
fi t BISMUTH-TELLURIDE
continement st 0_52 1300 K _
on ZT of 7T = A: CONFINED PHONONS
quantum ) ke + kph B: BULK PHONONS
wells P
E Rather controversial but crucial for
1w 3 thermoelectric energy conversion in
w the nm scale.
= Criitahla Arharna A~andiinrtinn 1N
. g uUiIlaviIc bllalyc LUl IUuULULUVvIL 1]
A Balandin w2 phonon glasses
and K L Wang
1998
See also, M.S. 1+ _
Dresselhaus et | BUK T T
al, Adv Mat 19,
1043 (2007). 0 - - - . . . . . .
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WELL WIOTH W (A)



Phononic crystals

— Acoustic and elastic analogues of photonic crystals
— ‘stop bands’ in phonon spectrum (phonon mirrors);
— ‘negative refraction’ of phonons (phonon caustics)

— Good theory avallable: Multiple scattering theory for
elastic and acoustic waves. See, for example:

Kafesaki & Economou PRB 60, 11993 (1999),
Liu et al PRB 62, 2446 (2000)
Psaroba et al PRB 62, 278 (2000).

And for a database 2006-2008:
http://www.phys.uoa.gr/phononics/PhononicDatabase.ht

ml
... cell phones have phononic crystal-like BAW filters




2D Infinite phononic crystal: air holes in silicon
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Coupled cavities:
photon-photon
cavities.

top DBR

~ top SL

phonon
cavity

A cavity Al, ;Ga, ,As

bottom
SL

bottom DBR

Trigo et al PRL 2002
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Acoustic phonons have also an impact in:

>
>
>

>

Y

Noise and thermal limits in NEMS and nanoelectronics
Coherence control in quantum information processing
Phonon engineering: sources, detectors and other
components
Photon-phonon coupling: Phoxonic Crystals and Opto
mechanical oscillators
Energy harvesting and storage
THz technologies for medical diagnostic and security
Elastic material parameters down to the nm-scale




Previous work: 30 nm SOl membrane
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The confinement of phonons modifies their
frequencies and density of states affecting
group velocities of modes, scattering
mechanisms, lifetimes and changes
assumptions about boundary conditions and
transport properties.

Understanding of acoustic phonons confinement
INn nanostructures iIs crucial for phonon
engineering and strategies for low power
nanoelectronics.
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MEMBRANES

* Free-standing Si membranes
= Corrugation due to residual compressive strain in SOI films

= Methods to avoid corrugation are being developed.

AN

o

il ] 4' U///

50 50nm with Wek
nm vacuum

200nm
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HRTEM image of freestanding Si membrane, thickness 6 nm

A. Schcepetov, M. Prunnila, J. Ahopelto, VTT
J. Hua, Aalto University




 Motivation

e Methods

— Membranes
— Inelastic light scattering

e Dispersion relations
* Impact on heat transfer
e Perspectives and Conclusions



Scattering Mechanisms

Photoelastic Scattering

+00

| | dzp(2)G(z,2) E@))—=*

Y\
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dEs

tlfki-l‘—:.a.a‘uﬂ

2,1 t) a - Ege

p(t) =
E wif o - EDEHki_ksj'r
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Corrugation (Ripple) Scattering
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1
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LDOS = G (z, )]

EH El Boudouti et al, Surf Sci Reports 64, 471 (2009)

0

///////////Y//

Benedek, G B & Fritsch, K Phys Rev, 149, 647 (1966)

Related to power spectrum of normal
displacement

Rowell, N. L. & Stegeman, G. |. PRB 18 2598 (1978,)




Raman scattering of Silicon
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INTENSITY (arb. units)
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Lon

668 1/cm ‘
\

1 I
400 800

T
800
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A Balandin 2000




Native oxide 3 nm

Buried (thermal) oxide (SiO,) 400 nm

40 nm
28 nm

Base Si wafer CZ p-type
<100> 525 micrometer

SOl is a key European technology 4,
VT



Simulations Raman spectra SOl

Photoelastic model P 2
: d - #(2)
for scattering by LA phonos | (@) oc || dz.E_ .E; .p(2). 3
VA
— — ®,(z) oxide .
§ E, (Ey) : laser (scattered) field
3 . p(z) : photoelastic constant
J — ®2(2) silicon ®(z) :phonon displacement
§ ®P3(z) oxide
| — !

' I Silicon buffer

F Poinsotte et al Proc Phonons 2004



Simulations Raman spectra SOl

G (Zowsi) = D (Zoysi)

- phonons displacement and

L. — 5¢ a¢
stress boundary conditions C, (20, ) =C, —2(2,,< )
1 Ox/Si 2 Ox/Si
0z 0z
- Assumptions - -
Phonons stationary waves > ¢1(Z) — Ale T Ble
Free surface 8¢1 _
g C:1§(Zair/0x) =0
Dispersion relation __ . sound velocity
=0V Vac(oxide) =5970 m.s"?
Infinite silicon buffer a%lz Ye+Vac Vac(silicon) =8433 m.s-1
 Electronic part > Pox (2) =0

PSi(Z) =1

F Poinsotte et al Proc Phonons 2004
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spot
b Forward scattering

Sotomayor Torres et al phys stat sol ¢ 2004



Simulations of RS spectra of SOl &

Treat SOI layer as a cavity for acoustic phonons, ie,
confined since longitudinal v, in Si = 8433 m/s

(cf. 332 m/s in air at 0 C). COS( 1R/4

Z)

Displacement field of acoustic vibrations in a slab of {
thickness t is proportional to:

n is the order of the confined frequencies can be derived from LA
dispersion branch, considering discrete wave vectors q =n n/t

Acoustic vibration = periodic ou (Z t)
variation of strain > polarisation P(z,t) = pq — E.(z,1)
field in presence of em wave oL

ps photo-elastic coefficient of slab

P(z,t) OK for anti-Stokes patrt. *
Obtain Stoke part by changing ou , (Z, t) by (@uz (Z,t)j




RS spectra of 31.5 nm thick SOI

Thus, scattered field:

0°Es(z,t) n® 0°Es(z,t) 1 0°P(z,1)
0z° ¢’ ot° g,0° ot

Where n = slab index of refraction.

| T | ' I ! | ' [ ' [ ' I
600 — —
Forward .
- scattering [\ “or «of
. ' ' R -
400 (= coome . sFF L Y/
P sl 20| ;E// I
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Wavenumber cm-? J Groenen et al, PRB 2008
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From bulk to membranes

Elastic continuum approach

. . . . )
Displacement-Strain Relationship Hooke’s Law Newton’s Second Law
2
p.._l(F.,JrF..)_l 8Ri+aRj 04 = Cijk‘iekl pa R; 0oy,
g 2\ 0x; O ot2 Oz
Dispersion Relation
Membrane (Lamb) e L A
Z= +a/2 Giz=0 6000 A Longitudinall e i
Transverse .
Rayleigh R A
‘N 5000 4 = ol |
L R
@) L e
4000 A e et P i
=- o..=0 S— e
z2=-af2 12 > R .,
i : Q  3000- et e _
Flexural (Anti-symmetric) S R oot
/\/\/\/ g 2000 ..”"::::;;; ” .....,EE; ....... |
7777777777777777777777777777777777777777777777777 D t ot :
/\/\/\/ = e :-. >
L 1000 - R 4 .
Dilatational (Symmetric) v’
I ! | ! |

T I T I T I T
__________________________________________________ 0 1000 2000 3000 4000 5000 6000

3NN Wavevector / um”



| 3 ICN?
430 nm Si Membrane R

Spectra at 3mm Mirror Spacing Dispersion Relation
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* Spectra observed with Brillouin Light Scattering spectroscopy

-

e Multiple modes observed (deviation from bulk behaviour)

* Good agreement with theoretical calculations (Lamb waves)

\ .
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10 nm Si Membrane - j s,

Spectra at 3 mm Mirror Spacing
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Phase Velocity vs g.a
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Impact on thermal conductivi

Spatial confinement  Modification of dispersion relation Modification of group velocity
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Change in dispersion relation and
the emergence of more branches
Increases interaction between
phonons

increase in relaxation
rates and a corresponding
decrease In the  thermal
conductivity

The thinner the

membrane the lower the thermal

conductivity K.

_3727/2/( Tzz qans

S+1)<

|| v ] L ] L | T T T T T T
(a) A 390 nm membrane
0.7F B 392 nm membrane -
— =Theory
ﬁ A
0.6} T -
x /}_s..l 0.4 —————————
3 M
0.3
- I @ ~
505F I & 202
"}C X
lﬁ = 0.1
| =
0.4} 0.0
| [ | | [ [ |

0 5 10 15 20 25 30
transient grating period (um)

W

Z @, B Dp (B — 100 JO(AW)

g59 5 y

Including all the confined modes and calculating Umklapp processes
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HERMAL RECTIFICATION BY BALLISTIC PHONONS IN ASYMMETRIC I':-!umuu .

NANOSTRUCTURES
John Miller Wanyoung Jang Chris Dames
le -3 " (¢) Contact1l
(a) < ®)
T, >
& o o = G <
S
L h]
T
T, Thermal Bias (T}-T5) E Contact 2

Fig. 1. (a. b) Defining behavior of a
thermal rectifier. (¢) A thermal
rectifier realized through asymmetric
scattering of ballistic phonons by
nvrramidal inclusions.

Fig. 3.

J d =100 nm

Ross, Tersoff, &

Spectrum

: X Scientific (SSI) : _
Harman et al_, 2000 Matthias & Muller, 2003 R0 2005 4 '\ Song etal , 1998

Various asymmetric nanostructures which could be used for thermal rectification. Refs. [1-7]

Proceedings of HT2009
2009 ASME Summer Heat Transfer Conference
July 19-23, 2009, San Francisco, California USA




Phonon anharmonic decay

Optical phonons Acoustic phonons
(10's of meV) (few meV)

/\/\/> Topt>ac ~ 2 PSIN Si

Teoptpn~ 100s fs
Optical phonon
emission->high-field
Joule heating

Acoustic phonons
carry heat away
from hot spots



Phonon anharmonic decay

Decay can involve only acoustic phonons. Cubic case
and frequency < Debye frequency

Higher energy Lower energy acoustic

phonons
(few meV)

acoustic phonons
(few meV)

’\/\,» Tac>ac ~ IS-us in Si

3-phonon decay rate

: 5 . But the smaller the acoustic
I'(kj) :'®VTH£{ j;f] phonons energy difference, the
longer the lifetime & mfp.
595/61060 g3 3/2 o . .
r.=" 2°7°10% # / Caustics increasingly important.
I 3572 B3/2
__aB Y = Gruneisen constant
C Must understand and control anharmonic decay into and

propagation of acoustic phonons.



*s [CN”

IMIII.IL Lalala

COMMUNITIES

« The Summer School Series Son et Lumiere participating groups
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 The members of the European CNRS-sponsored Network for Thermal
Nanoscience and Nanoengineering

 The Fluctuations and Statistical Physics community
 The Phonons & Fluctuation informal community
 The solid state quantum physics community

 The mechanical engineering heat transfer community
 The multi-scale physics modelling community

« Partners of the EU projects, eg:
— NANOPOWER —-three future scenarios of future heta transport control
— NANOPACK - thermal management in nanoelectronincs
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engineering
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 Dispersion relations of confined acoustic phonons have
been measured and simulated in Silicon membranes.

*Phonon engineering is possible with membranes, phononic
crystals, cavities and coupled cavities.

e Phonon sources are needed for progress in the field

« Nanofabrication (3D) and nanometrology developments
are needed.

» “Heterogeneous” coupled cavities need better description
with, e.g., quantum physics and elasticity theory.

 Phonon coherence studies in confined structures
unavoidable

* Need contribution from statistical and quantum physics.

e Only then we can seriously address low power electronics.
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