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Thermal cloaking
Thermocrystals

\l i M. Maldovan, Nature 503, 211 (2013)
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Principles/Fundamental questions
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Principles/Fundamental questions

REDUCED FREQUENCY (Q)

J. O. Vasseur et al., Phys. Rev. B 77, 085415 (2008)

Bande interdite

Réduction de vitesse de groupe w,
Anisotropie induite Typiquement premier gap a —
Réfraction négative 2

Exemple Si, v=8500 m/s, Do _ 5THz
2

a=10.6 nm
N\ Echelle nanométrique...




Bragg scattering is an interference process Principles/Fundamental questions
Coherence is required

/"\ ~_—— Below Band gap

Around band gap

%W%%:

In order to observe Bragg effects, coherence length must be at least a few “ap.”
-> This is naturraly the case for low-®» narrow band sources
-> But thermal phonons have a wide spectrum -> short coherence length




Principles/Fundamental questions
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Ordres de grandeurs

Longueur d’'onde A~1 a5 nm

Longueur de cohérence ~ quelques A

Libre parcours moyen A ~ 100 nm a qges pm

Deux possibilités :
- Taille véritablement nano
- Basses températures

I,E,mmnw_cc e et e Mo e hetan Dechaumphai et al., J. Appl. Phys. 111, 073508 (2012)




Challenges and state-of-the-art
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Challenges and state-of-the-art
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Challenges and state-of-the-art
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Challenges and state-of-the-art
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Challenges and state-of-the-art
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Challenges and state-of-the-art
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Figure 1 | SEM image of the fabricated PnC structures. All samples were fabricated to have a periodicity a =1,100nm, thickness t =366 nm and a chosen
critical dimension L. =250 nm. Highlighted in white is the unit cell of each supercell lattice: (a) SC, (b) 1x1, (¢) 2x 2, (d) 3x3 and (e) 4 x 4.

=

® sc ® 22
Silicium 04)(1::0Id Mfo; 4xa
Température ambiante 12
Pitch um -\

Electro-thermique

0.6 -

Normalized frequency (wa/2nc)
o
EN

0.2 -

\ 0.0
00 02 04 06 08 1.0

.
I e m n Normalized wavenumber (ka/7)
resbiut d’Eleciranigue, de Mioroéle ciron e




r------------------------ ? Experimem
i Pt RTD pattem 5 Classical models Hybrid models
i / O Porosity TMFP=
i @ ECucken & TMFP=7a
: i ® =M TMFP=5a
i ! @ MG & TMFP=3a
. . 4 TMFP=SS
H : ¥ Incon. & TMFP=0
i o - A Incoh. (L=L)
! e il < Pt weld : bty m[Xﬁquherent ]
i % p : : 54 1 11 1
i i o
: 6@00 # <qmm Contact pad : o I: 0o 4 §
L o 2
i _ 50 1m : = -
i P it S=so 1 a0 o ® o
38 . -
36 . )
Q0 ®
. » g > 8 -
v, Cold islanc : ER— ~
‘(anchored > E T oon g
24 ™ -
&
~~ : - §
+* Hot island * o0 o
(suspended)" “T. i E )
Y 18 | E -
" =
17 =i
200 um P
o *
S. Alaie et al., Nature Communications 6, 7228 (2015) 47 48 49 50
i (%)

‘\ -
iemn Cohérence a température ambiante ?

Irstizut d'Electronigue, de Microélectronique et de Manotechnalagie
R CMAS BT

L_. ” - _




Panorama

N\ Equipes ayant (modeélisé+réalisé+caractérise)
lemn | des matériaux nano-phononiques (thermocristaux)
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*Modélisation
Fabrication,
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N\ Electronics ~500 people
lemmn Microelectronics 250 Profs/Researchers/Staff
Nanotechnology 250 PostDoc/PhD students

Villeneuve
\ 1600 square meters clean room devoted

to micro and nanotechnology
mStaff: 26 Ing/Tech
*“NEquipment: about 20 M€

h

,,,,,

Micro and Nano Near field
Fabrication microscopy
clean- room
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French national nanofabrication network




Can we make a thermoelectric
material out of silicon ?

| Si_|BiTe;

S (UV.KY) ~ 250 ~200
K (W.mL.K2) 149 1.4
o (Qlcm?) 2.3*10% 10°
(doping 1019)
K o(W.m1.K?1) 0.165 0.23

(doping 10%°)

ZT (@300K)  ~0.0001 1.1

Contribution phonons :
95% to 99% (depends on doping)

Phononic Engineering

dimensionality

Aphonon ~uptop

defects
nComposites
10-100 — PnC
nm TF
NWs / SLs
Nelectrons ~ 1-2N0% Aphonon ~2-3 nm

N\: mean free path
A - wavelength




Antidots lattices

Fabrication methodology

Average diameter vs Pitch DOF
40 : :

180 nm ZEP520 ® Charge dose (64 uC.cm?)

A Minimal charge dose (labels in uC.cm’z)

35|

145 nm BOX
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25 |
STEPNn" 1

SOl wafer, spin coating 180nm of ZEP520. 20 |

Average diameter (nm)

15|

10 G

80 100 120 140
Pitch (nm)
V. Lacatena et al. Microelectronic Eng. 121, 131 (2014)

resist resolution
(ZEP 14 nm)

STEP n° 2:

E-beam litho exposure of PCs, ZN50
development (1’) and Cl,:30sccm,
5mTorr, 30W etching (70nm, 1°50”).

STEP n° 3:
ZEP520 cleaning by UV +
Remover PG.

SEM images of PCs obtained W|th the “dots on the fly” strategy: a) pitch 44 nm, diameter 13.8

‘.\ %+ 0.9 nm and b) pitch 125 nm, diameter 25.4 & 1.3 nm.
emn
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Membranes fabrication Fabrlcatlon methodoloaqy

and suspension M. Haras et al. IEDM 2014
SOl SiN San Francisco 8.5.1-8.5.4 (2014)

M. Haras et al.

Box =m\Vet OXide+ Box Journal of Electronic Materials 43, 2109,(2014)
Substrate SiN depOSition 200 nm Si substrate
Departure point —SOI wafer :
. . . Wet SiO K
Optional antidots lattice _ 2 Y
<+ SOI & /,. To be suspend
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o o o
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( 2
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Wet oxide
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Vapor HF -. _ - et Q102
= <+ SOl Pt metallization -/\- .

SOl —
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Substrate etching 200nm
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A few pictures. .. Fabrication methOdOlogy

Plain Si membranes (54 nm) Si membranes in characterization device

Plain SIN membranes (200 nm) (almost) Arbitrary shapes
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Thermal Characterization

20 pm EHT =10.00 kv Signal A = SE2 WD =129 mm . EHT =10.00 kV Signal A= SE2 Signal = 05000 WD=147mm .
i Mag= 284 X Vacuum Mode = High Vacuum StageatT= 45.0° wlemn— — Mag= 6.76 KX Signal B = SE2 Mixing = Off  Stage at T = 45.0 ° S@HIH—

—

EMT=10.00kV  Signal A= SE2 WD = 12.9 mm . 200 nm EHT=1000kv  Signal A=SE2  Signal=05000 WD=149mm .
Mag= 4047 KX  Vacuum Mode = HighVacuum  Stage atT = 45.0° SP@FHH— [ Mag= 1873KX  SignalB=SE2  Mping=Off StageatT = 50.1° MF@HHH—
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1 - DC-Electrothermal Thermal Characterization

1 central resistive element (Pt)
2 symmetric sensors (Pt)

L, =30,60,90,120 pm
W,,=5, 10 pm
ts, = 60 Nm




State of the art... Phononic Engineel‘ing
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J.-K. Yu et.al. J.-K. Yu et.al. Nat. Nano. vol.5, 718 (2010)

IEMN previous results

structure thickness K measured
Film 70 nm 55 W/m/K
nanopatterned 70 nm/ 12.5 W/m/K
membranes pitch 60 nm
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Material modeling -Molecular Dynamics

T ' T ' T ' T ' T ' T Lacatena V. et al., Applied
s {Physics Letters 106 (11), 2015.
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Potential applications

Active research...
Sensors: bolometers
Optomechanics: phonon-photon coupling in high Q resonators

Energy: enhanced/artificial thermoelectric materials “phonon glass/electron crystal”
Thermal: Insulation

Nanoelectronics: Thermal management, heat routing

(Very) Advanced...

Thermal computing: implementing non asymetric heat transfer (thermal diodes)
(see Baowen Li group)

Thermal management: “Hot conductors/Cold insulator” materials
(Useful in Automotive and Power production)
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Summary / Conclusions
State-of-the-art

Phononic Crystals + Nanoscale = Thermocrystals (?)

Pitch really MUST be ~ phonon coherence length to achieve band folding effects
Technology not ready at room T° (maybe epitaxy ?)

Effects demostrated at very low T°

Nevertheless, strong thermal conductivity reduction at room temperature achieved

Challenges
Modeling
Methods from the Phononic community no more valid (PWE, FEM)
Methods from the Solid State community require tremendous computing power
(MD, LD, Monte Carlo)

Fabrication
Need low pitch/high res. (eBeam, nanoimprint, block copolymer, epitaxy)
True 3D crystals ? (epitaxy, synthetic opals)

Characterization
Challenges of nanoscale heat transfer (insulation, error bars, interpretation)
TDTR, Raman thermometry, Electrothermal (DC, 3w, hot wire), SThM

Need for calibrated and reliable methods to avoid controversies
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