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Thermal management:
a key challenge in modern society
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Need:
K. Zeb et al., Renewable and Sustainable Enerqy Reviews, 75, 1142 (2017) Low k7 to increase thermal confinement and reduce

heat dissipation



https://www.sciencedirect.com/journal/renewable-and-sustainable-energy-reviews

A thermoelectric material is
a material able to generate
an electric potential when
subjected to a temperature
gradient

Thermoelectricity

HOT SIDE COLD SIDE

AV = SAT
SZ O S = Seebeck coefficient
Figure of merit N o = electrical conductivity
K K = thermal conductivity

Optimization strategies:
1) Acting on the electronic transport
2) Reducing the thermal conductivity by phonon engineering
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Heat transport in solids
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Macroscale: Fourier Law: diffusive heat transport

The Heat flux (per unit area and unit time) is proportional to the temperature gradient

— = —kVT
AtS
Where S is the area perpendicular to VT, thus a surface of constant T. Remembering VT = % = %
2 i —kES Here L is the length of propagation (length of the thin film, of the quantum wire)
At L

S= cross section of the guide

Sk .
K = - thermal conductance along the direction z.



Heat transport in solid materials:
A microscopic understanding

Temperature : . :
P > 2 heat carriers: electrons and atomic vibrations (phonons)

kr = kgt + kD"

dominant electrons

Electrons: SZ C
Wiedemann-Franz law Kk ¢; 7T =

kph + LO-T dominant phonons
L = Lorenz Number ~ 2.44 1

Playing on the phonon contribution to reduce thermal
transport preserving the electronic one




Phonons: a reminder

Reciprocal lattice

Crystal In the reciprocal space the first
In the real space, the structure is Brillouin zone is described by the
defined starting from a unit cell and reciprocal vectors by, b,, b,

its basis vectors a,,a,,a;

FCC

bi *a; = 27T5l'j
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For N atoms, we have 3N equations of motions Mu;(R) = — 50 (R
i

For 3N atoms, 3N equations (coupled through the inter-atomic potential U(7;(R))

Let’s look to a simple case



Longitudinal wave of a 1-D Array of Spring Mass System

Spring constant K Mass, M

Equilibrium
Position

Deformed
Position

Ui-1 Uit

u; displacement of the i atom from its equilibrium position
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Phonons: a reminder

A phonon (i.e. a lattice wave) is described by : =
. . . . - & / w(k) WR
* a wave vector, q: determines the direction of propagation :
Optique acoustic
* adispersion relation, w,; = f(q), Acoustique @ ’
relating wave vector g and energy w, D 8 ;
-nt/a 0 Kk mn/a
e a polarization vector, eq '
gives the direction of atomic b*
A €010 Schematic

displacements: three types of waves : representation of a

transverse wave

* 1longitudinal (compressional) for e, //q /\ /\/ \/qloo

* 2transverse (shear) e, L q

> a*




Phonons: a reminder

A phonon is described by :

1 dN

* A density of states g(w) = P number of phonons modes per unit volume between w and w + dw
* 3D: Debye model w = vqg, g(w) = 307
2 y - q’g — 27-[21]3

1
(exp(hwg,j/kpT)—1)

* an occupation number given by the Bose-Einstein distribution : n(wq,j) =

—w=5meV
w= 20 meV
4+ w= 50 meV

0 50 100 150 200 250 300
T(K)



1Hz 1kHz 1 MHz 1 GHz 1THz
Frequency

H) 1 100 102 10° 10* 105 10° 107 10° 10 10" 102 10" 10™

Music Ultrasound Thermal devices

Sonar imaging
*-------- — Phononic l:rystals ﬁ
Sonic diodes Thermal diodes
Acoustic cloaking Optomechanics  Thermoelectrics
Thermal cloaking
Thermocrystals




Phonons and Thermal transport

Phonon: think of it as a particle

NN T = time between 2 scattering events

AAAD> ¢ = distance between 2 scattering events
?=vt
v, w, T(w), £ (w)

* Energy transported by the carrier
thermal conductivity depends on: * Velocity of the carrier

e Distance travelled

* How many carriers participate

1
ke = j £ (e )gledles




1
Fph = 3 /C’V(w)v2(w)7(w)g(w)dw Boltzmann transport equation

C, = ] Ph ific heat
v =37 onon specific hea
dw _
v(w) = <—> Phonon velocity
dq

T(w) Phonon Lifetime

g(w) Phonon Density of States

-

Depends only on the energy dispersion ®(q)

: 2
Related to phonon attenuation I' = .



Intrinsic Scattering processes

Phonon-Electron

Phonon-Phonon

q

Tph—ph
T dependent

Matthiessen rule




Extrinsic Scattering processes

Defects Tg4 Phonon-Electron q Phonon-Phonon
S, |
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038283800 T dependent
0q Yq
w .;u“ Pdn o™ 5
(Bl Nano-structure
.Larnt'r
7' /‘lamde
Matthiessen rule Y /_ —
1 1
T T; . . o |

A given scattering process will become important only at wavelengths such that the wave “sees” the obstacle, and
energies such that the conservation of energy is respected



When nanostructuration is relevant ?

When nanostructure matters ?
Lengthscale vs phonon wavelength

Lengthscale vs phonons mean free path

Nanostructure efficient for lengthscale < MFP and lengthscale “phonon wavelength



Thermal transport: which phonons, which wavelength?

3w?
Phonon gaz internal energy in the Debye model: @ = v5q, g(w) = 2772773
S

31:1 wp | (1)3 |
U = z(hwq)n(hwq)—3 j ! - Idw - Single phonon energy
o Lo (gr)

w2vd



Thermal transport: which phonons, which wavelength?

3w?
Phonon gaz internal energy in the Debye model: @ = v5q, g(w) = 272 p3
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The phonon energy distribution is peaked at higher and higher energies with temperature
All populated phonons participate to heat transport, but the major contribution at a given
temperature comes from the center of mass of this distribution at that temperature



The lower the temperature, the larger the
wavelength at which this distribution is
centered




Depending on the application temperature, different phonons
dominate heat transport

To control heat transport, the nanostructure needs to be adapted to the
phonon wavelength pertinent for thermal transport at that temperature

Still, the nanostructure will be efficient only if smaller than the intrinsic
mean free path



Nano-scale thermal transport
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Nano Lett. 2011, 11, 2206-2213 Appl. Phys. Lett., Vol. 83, 2934, 2003

T(w) depends on the sources of scattering: their relevance
depends on phonon wavelength, temperature and lengthscale

_ g(w) depends on the dimensionality
w(q) is modified in nano-objects due to confinement, so are

cp(w) and v (w)



Mean free path and cumulative thermal conductivity

1
fr = j & @) Ge)ala) s

| use the mean free path as variable for integration

kT=j kpd Ay,
0

dw
dApn

1
ky = 3 Cy(w)v(w)t(w)g(w)

| define the cumulative thermal conductivity as a
function of the mean free path:

A
fo . kadApp

kT(Aph) - ko

10%10" 10° 10" 10° 10° 10*
A [um]

MD: J. Comput. Theor. Nanosci. 5, 141 (2008)



- 0, 1016cm™3
ce=e 6. 109 cm™3
— x*"300 K

S
g
k=
=
g
9
&
Y
g
=
)
&
5
=

electrons

heavily 100
doped Electron/phonon MFP (nm)

J. Zhou et al., Semicond. Sci. and Technol., 31

It is clear that we can think of a nanostructuration impacting thermal but not electrical conductivity
That’s the key point for nanostructured thermoelectric materials




Thermal transport in nanostructured materials

Interfaces and Kapitza thermal resistance
Swartz, Reviews of Modern Physics, 61, (1989) p. 617-624

Interfaces diffuse phonons: these are deviated or
reduced in their transmission. As such, the
presence of interfaces is very useful for hindering
thermal transport

i\
| H vy
| L

!
N\

Nanostructured materials (nanocomposites, Multilayers):
Phonons will go through interfaces, meeting a thermal

| resistance (Kapitza), which reduces thermal transport,

N depending on the contrast of acoustic properties between the

materials




Let’s calculate the heat flux across a surface

The net heat flux across an interface per unit time from 1 to 2 is:

Q152,net _ Q152 — Q251
S S

= —kg(T; — Ty)

The boundary thermal conductivity will thus be

k o Q.1—>2_Q.2—>1
B S(T1—T3)

: : . This means that in the general case | can always use one
T, =T1, Qiozner = 020152 = Q201 single direction in the flux calculation:

Q1—>2,net =015,(1=T,2=T,) —0;5,(1=T,,2=T) This is a great simplification

Let’s calculate the flux: we need the energy contained in the unit volume touching the surface



The number of phonons with a given energy o incident on the

unit surface S per unit time and from a direction identified by 0
and ¢ is:

Component of the velocity perpendicular to the surface

A

dQ
N = n(Ty)D(hw)Sv cosGth

HJ

solid angle element d) = sin8dOdg: | take from the total volume the portion in this little dQ: dQ)/ 4n

The gross heat current density from side 1 to side 2, is the sum over all frequencies and incident angles of this number
times the phonon energy, times the transmission probability for each phonon

Q1—>2(1 =T,,2=T5) 1 . % . ! or
= E j j hw t1,,(0, j, w)n(Ty) Dj(hw)vjcosBsinddo dw do =
j
o X D; . d ity of stat it vol
=%Zj fo fOZ hw t1.,,(6, j, w)n(Ty) D;(hw)vjcosbsinddb dw (@)iidensitylof states pEnliL SRS

and polarization,

t1-2(0,j, w) transmission coeff depending
on angle, polarization and energy

Now we « only » need an expression for the transmission coefficient



Acoustic Mismatch Model (AMM)

This model is based on continuum theory and reflection/transmission coefficients.

It holds for long wavelengths phonons and specular reflection/transmission

Shear horizontal Shear vertical Longitudinal
a) - _. b) c)
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The transmission coefficients depend on angle, polarization and the acoustic impedence of the two media



Example: Shear horizontal

) = 2T |y = ge-thaT Acoustic impedence
. :':\. :':\.ﬁ\-”
Filyg.taq X ZS - V pC44 = va
J;LI ZI — Icl - .7
‘ pp= 2B ekt = (P Llag =P Vs
]] ’ , . . .
R = E _ Zscosbs — Zscos8s  Reflection coefficient
A ZscosOs + Z;cosb,
sinf. v . v
— =2 Snelllaw §¢" = Sln_l—i
sinfy v Us R 2 7505 O Transmission coefficient

A ZscosOs+Z!cos6!

If vs < vg, there exists a critical angle

ow

We can introduce the dependence of [, on phonon energy by using the phonon group velocity v, = T,

Only phonons impinging within the critical cone 8 < 65" have a chance to be transmitted



Q1—>2(1 =T,2=T,)— Q1—>2(1 =T32=T)

T
1 )
I = 52 j f hw t1,7(0, j, w)(n(Ty) — n(T,)) Dj(hw)vjcosBsinddo dw =
= Jo Jo
J

T
1 ) ~ _0On _
Ky = Ez ] j hw ti,(0,),w) ﬁDf (hw)v;cosBsinddo dw
70 Jo

T

2
| define the average transmission coefficient [1(w) = j t12(0,j, w) cosBsinfdo
0

n

1 °° d
|:> Ky = EZJ v;[ j(w) hwDj(hw) a—Tda)
~ Jo
J



1 0 on
Ky = EZJO V[ j(w)hwDj(hw) ﬁdw
j

Let’ use Debye (long wavelengths, low T)

w = vk (v constant per polarization) , thus alsoT ; constant
2

D;(®) = —— - D(w) E W

. = - =

J @ 27T2Uj3 @ . 27'[217]'3
J

wp = vV6m2n
) hw Jdn on x
1 wp a X = —_— =
Kg = EZJ Awly ; = a; > 6; dw II{{BTT aT dx T
— Jo TT=v; da)=%dx

. 1 K§T3zr1,j
B ™ an2 B3 vjz

X _nZKgT?’ZrLj
> =




AMM

T
2 ) . : 1
I j(w) = j t152(60,), w) cosBsinbdo 1S B mEels ers R Emiesl, &5 = Ly =7
0
T[Z K4T3 | P
Ky = T ’23 z vl’é Goes as T3, depends on the transmission coefficient Iy
= Yj

J from 1 to 2 and on velocities in medium 1



Diffuse Mismatch Model (DMM)

Acoustic Mismatch Model: no scattering at the interface: perfect specularity

Diffuse Mismatch Model: all phonons are scattered at the interface: zero specularity

Assumption:

acoustic correlations at interfaces are assumed to be completely destroyed by diffuse scattering: no memory of
incident direction and velocity is kept. Elastic scattering: only energy is conserved.

A phonon impinging on the interface will be completely absorbed. The re-
emitted phonon will go to medium 1 or 2 with a certain probability, which
will not depend on the incoming direction (medium and angle) but only on
the availability of states with its energy in one medium (density of states)
and the detailed balance.

By construction for two identical media tf_lfzf = 0.5 vs t59%t =1




Assumption:
no memory of incident direction, phonon branch nor velocity is kept. Elastic scattering: only energy is conserved.

Di . Di Di
27 (8,),0) = 17 (w) = 1 - t27/ (w)

The number of phonons of energy Aiw per unit area per unit time leaving side 1 is

21T

T

1 2
= E f hw t1,,(6, ), w)n(Ty) D;(hw)vcosOsinfdl | de
. 0 0

J

| can already integrate angles, as there is no angular dependence in the integrand

21

1
do = Zz t(w)vjhon(Ty)D; ;1 (hw)

y[A

1 2
= E f ho t1.,(0, ), w)n(T;) Dj(ha))vcosesinedHf
=1 J( 0
; J

For detailed balance, this must be equal to the number of phonons of energy 7w per unit area per unit time leaving side 2

Zj Vj,zn(Tz)Dj,z (hw)
Za=1,2,j V; o n(T1)D; 4 (hw)

1 1
ZZ t(w)v;hon(Ty)D;, (hw) = ZZ(l — t(w))vj ,hwn(T,)Dj , (hw) |:> t(w) =
Ji J



Let’s write down the heat flow

Q1—>2(1 =T),2 = Tz) I Q1—>2(1 =T5,2=T;)

1 1 % . _0n ,
I = Ez:fo jo hw ti,(0,j,w) a_TDj (w)v; 1c0s0sinbdo dw =
J

1 - 2 Vj2n(T2)Dj 2 (hw) an
K =—2J dw ek ' D: . (hw)v;  — hw
= 4 E 0 Zj,a:]_,z vj,an(Tl)Dj,a(hw) ]’1( ) B aT

Using the same definition as for AMM, the average transmission coefficient will now be:

T

2 1
[ j(w) = j t152(60,j, w) cosBsinfdl = >
0

Zj Vj,zn(Tz)Dj,z (hw)
Zj,a=1,2 Uj,an(Tl)Dj,a (hw)




1 = % Vj2n(T3)D; ,(hw) n
= — dw 4 - D;{(w)v; — hw
42 J Y i a=12 Vj,a(T1)Dj o (hw) 1 (@)Vj1 5

w = vk (v constant per polarization)

w? 3
Di(w) = ——, wp = vV61?n
Let’s use Debye, and assume Ty ~T, g 2m?v

02
T,)D; 5 (h %) Y2 307,3
I (w) B 1 Z] vj,Zn( 2) j,Z( (1)) i 1 n vj,z n(TZ) 1 Z] U] 2
L] — I __hi
d 22j,a=1,2 vj,an(Tl)Dj,a(hw) 22 . - wz n(Tl) ZZ] a=1,2 ]a
J,a=12 "8 952453
],a
To calculate the boundary conductance, the passages are the X = hw a_” _ _ O_nf
same as for the acoustic mismatch model, we will have only to KyT' 0T oxT
use the proper average transmission coefficient
AMM DMM Note that };; v 1 appears in the
K. = n? KgT° <O T :> K, = m? KgT? 12] 2 2] ] % numerator from the integral of
5 = —




Notes:
1) for higher T Debye breaks down and

AMM DMM the exact phonon group velocities and
v m? KgT3 < [, X KgT3 1%, v;; Py v ] > density of states must be used |
B=15 a2z /L v 12 |::> B~1c p2 o Y ae12 ]a 2) AMM depends on.both mass density
. and phonon velocity (t;_,, depends on

acoustic impedence)

3) DMM does not depend on mass
density.

4) In both models | have T> dependence

For very similar media (similar acoustic impedences and velocities):

VIA
E 2
I j(w) = f t12(0,j,w) cosBsinfdo Sl
0 1 KélMM i :
AMM: t=1T = - DMM i
2 |:> DMM predicts half thermal flux Kg
DMM: t=0.5 T = = 1
4 [~
RIIEMM ' L Eapitza
1 - i ' ase
Kapitza resistance: Ry = — Rig"™ i : {
Kp
0

Decreases with T~3 : more important at low T 0 Dissimilarity



CAVEAT

Both AMM and DMM completely disregard the effects of inelastic scattering and
multiple phonon interactions.

For example, the models only allow for a phonon occupying a particular mode
frequency to interact with another phonon occupying a mode of exactly the same
frequency. In reality, this is not the case.

Neither model is very effective for predicting the thermal interface resistance (with
the exception of very low temperature), but rather for most materials they act as
upper and lower limits for real behavior.
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Thermal Boundary Conductance (MWm~2K:")

Some experimental values
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E. Pop,Nano Research 3, 147 (2010)

Typical range: 1-1000 MW/m2K

The highest known conductance is at good

metal interfaces (Al/Cu) where electrons dominate the
thermal exchange

The lowest known conductance is between materials with

highly mismatched phonon density of states and velocities
(Bi/H-diamond)

G = 10 MW/m?K is equivalent to the thermal impedance of a
140 nm film of SiO2 (k = 1.4 W/mK)

G = 100 MW/m?K is equivalent to 14 nm of SiO2.

This comparison highlights the importance of interfaces in all
nanometer scale devices and structures



Hierarchical nanostructuration for thermoelectric applications

(@)
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N. Neophytou, Eur. Phys. J. B (2020) 93: 213

Phonon scattering in a large wavelength range:
Defect scattering (Angstrom)

Scattering from inclusions (nanoscale)
Scattering from grain boundaries (mesoscale)



Example: hierarchical nanostructuration in GeTe

10 mol% Sb-doped GeTe upon ball-milling (BM) followed by spark plasma sintering (SPS)
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Nanostructuration and power factor

matrix nano- matrix
material inclusion material
Ec

bandgap
Ey

Inclusions/grain boundaries:
formation of potential barriers: this increases electrical resistivity

The goal is to have nanoinclusions or grain boundaries for
which the band edge discontinuity is as small as possible, or
even zero (see figure), such that the majority electrons (or
holes) experience as little resistance to their path as possible.

A compromise is needed for a nanostructuration dense enough
to affect phonons, but with the least possible effect on
electrons.

In this way, we can benefit from the reduction of the thermal
conductivity with minimal penalty in the electrical conductivity.

N. Neophytou, Eur. Phys. J. B (2020) 93: 213



Energy filtering

Potential barriers can block the low energy, cold carriers and let
through only the high energy, hot ones, producing an energy

filtering.
2 B <E >=f?vera:?e elgergy.of the — o
S « = current flow. cold carriers are = nFI bV S icinel
blocked, < E > will increase ' o i e O B il v e v g i i o Bl S T
The barrier needs to be not too thin otherwise low E, -
i \ )
energy carrlgrs c.ould tunnel and reduce the effect of v vw
the energy filtering
Local o, S, Ky, Ly Lg Ae

Next to the barrier, a carrier can absorb an optic
phonon and gain energy to overcome the barrier
And then release energy emitting an optic phonon.
As such after the barrier, it will have a higher energy
than in equilibrium conditions, and will loose it
within 20-30 nm usually ( a few inelastic electron
mean free paths). The Seebeck will result increased
thanks to this higher energy in a region with high
conductivity = large PF



The engineering of the potential barriers is even more complex than this and other phenomena can
appear and need to be taken into account

Generally speaking, nanostructuration is meant to reduce thermal transport with the smallest
possible effect on power factor. It’s rare than this latter is improved. Normally, even with an

improvement in the Seebeck, the electrical conductivity reduction compensates it so that the power
factor remains almost constant.

Back to our example: hierarchical nanostructuration in GeTe
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Phononic Crystals

Confined material: boundary conditions for
long wavelength waves

Periodic composite materials?

We expect scattering from interfaces and possible coherent
reconstruction of scattered waves such as in confined materials: new

boundary conditions . _
|:> Phononic materials




Phononic crystals for acoustic applications

The inspiration: photonic crystals

Photonic crystals have been studied in one form or another
since 1887, but no one used the term photonic crystal until
over 100 years later

Photonic crystals are composed of periodic dielectric
microstructures that affect electromagnetic wave propagation
in the same way that the periodic potential in a crystal affects
electrons, defining allowed and forbidden electronic energy
bands.

https://en.wikipedia.org/wiki/Photonic_crystal

Depending on the refraction index contrast
and the wavelength the wave can or cannot
go through



Can we do the same for elastic waves?

The question arose in the 90s. One of the first studies:

VOLUME 71, NUMBER 13 PHYSICAL REVIEW LETTERS 27 SEPTEMBER 1993

Acoustic Band Structure of Periodic Elastic Composites
M. S. Kushwaha,' P. Halevi,"? L. Dobrzynski,* and B. Djafari-Rouhani?

From electrons to optics to acoustics

¥

Forbidden gaps: acoustic filters

Only few propagation directions: acoustic guides

Phonon localization



TABLE I. Band-structure-related properties of three periodic systems.

Property

*Electronic™ crystal

“Photonic™ crystal

“Phononic" crystal

Materials
Parameters
Lattice constant
Waves

Polarization

Band gap

Spectral region

Crystalline
(natural or grown)

Universal constants,
atomic numbers

1-5 A (microscopic)

de Broglie
(electrons)

Spin 1,1

Increases with crystal
potential; no electron states

Radio wave, microwave,
optical, x ray

Constructed of two
dielectric materials

Dielectric constants
of constituents

0.1 um-1cm
(mesoscopic or macroscopic)

Electromagnetic or light
(photons) E,B

Transverse: V-D =0
(V- E=0)

Increases with | e, — € |;
no photons, no light

Microwave, optical

Constructed of two
elastic materials

Mass densities, sound speeds
ct,¢; of constituents

Mesoscopic or macroscopic

Vibrational or sound
(phonons) u

Coupled trans.-longit.
(V-u=0,Vxu=0)

Increases with |ps — ps|, etc.
no vibration, no sound

w<1 GHz

—

—_—




Case 2D: matrix wih periodically embedded infinitely long
cylinders with axis // z

Symmetry breaking: polarization //z will behave differently than polarizations //x and //y

What does it change in the equations of motion?



Case 2D: matrix wih periodically embedded infinitely long
cylinders with axis // z

Symmetry breaking: polarization //z will behave differently than polarizations //x and //y

What does it change in the equations of motion?

1) Inhomogeneity of density and elastic constants
2) Additional periodicity

Which parameters will play a role?



Case 2D: matrix wih periodically embedded infinitely long
cylinders with axis // z

Symmetry breaking: polarization //z will behave differently than polarizations //x and //y

What does it change in the equations of motion?

1)
2)

Inhomogeneity of density and elastic constants
Additional periodicity

Which parameters will play a role?

1) Periodicity a p2
2) geometry. Definition of filling fraction f = 7
3) Acoustic impedences (contrast)



REDUCED FREQUENCY

i

Nickel in Aluminium: hard in soft
Filling fraction f=0.1

Calculation for a transverse mode
with z-polarization//cylinders

2.0

1.0

0.5

WA

p (g/cm3) 8.936
vy (M/s) 3000
VA 26808
wa
) =
red vam

T T T 11

Al

REDUCED WAVE VECTOR

vy =velocity of the matrix

Forbidden band gap

Kushwaha et al., Phys. Rev. Lett. 71, 2022 (1993)

REDUCED FREQUENCY

0.0

2.0

Aluminiun in Nickel : soft in hard
Filling fraction f=0.75

Calculation for a transverse mode
with z-polarization//cylinders

o

W

B

o
0

B
Qz
g

7 %;>/M>

REDUCED WAVE VECTOR



Empty pores in Al : extreme soft in hard
f=0.55
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Tanaka et al., Phys. Rev. B 62, 7387 (2000)



TAY

Dispersions modifications and applications

Full gap:
No acoustic wave can propagate in that frequency range,
independent on polarization and propagation direction

&

Acoustic barrier/ shield

If | have local resonances, flat
modes, and one within the
gap: That frequency can
propagate in all directions.

It can be nicely isolated

@

Acoustic selector, filter

I
AW alv
=4

= e

:"‘-h




Phononic Crystals and coherence

The modification of dispersions, the appearance of band gaps, of localization are a consequence of Bragg
diffraction on the inclusions, or perfect specularity

Only wavelengths long \ /

AN/
enough to act coherently %7
are affected

2 key parameters:

1) Periodicity P to select the affected wavelenght range A~P
2) Roughness 71 to select the wavelengths for which there is specularity 4 >> n




From Phononic to Nanophononic

Everything can be applied to phonons with nanometer-scale wavelength if the periodicity is at the nanoscale

1Hz 1) 1 MHz 1 GR» 1 THz

e |

Frequency
H) 1 10" 102

|
108 104 10° 108 107 0 10" 102 10 10"

Infrasound \ound Ultrasound Hypersougyt . Heat
Mu3 Ultrasound Thermal devices
Sonar imaging
Cmmmmmmm= orionic crystals >

Sonic diodes Thermaljdiodes

Acoustic cloakifig Optomechanics  Thermoglectrics
Thermal Eloaking

Thermogrystals

Phononic crystals: periodicity at the mm-um scale: sound waves L

Nanophononic crystals: periodicity at the nm scale: main heat carriers at RT
M. Maldovan, Nature 503,209 (2013)
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THz
P=1,36um Thermal conductivity reduction
Gap at 1 GHz by 2 orders of magnitude!
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Specular
— 161t2112 cos%6

AZ

Specular parameterp = e

The roughness must be good enough for having
coherent phenomena at the wavelength we want
to affect




From micro to nanostructure

wa
Gaps around Wred = 2w, ~ 0.5
With = 4000 and a=1mm j‘> ® = 10 MHz
Uy, = 4000 and a=100nm j‘> W= Laali
Typical phonons
v, = 4000 and a=10nm ::> @ = kel j;> dominating heat

transport at RT



Is it only the effect of the gap?

(a) {,A In fact it is more the effect of modified phonon dispersions, velocities and
_ ‘ ; density of states
i i >
kr == | co(@rF(@r(w)g(@)do
10 m A»
b & ® & & @® Example:
Si 250 nm thick membrane
® ¢ & & & @ :
Hole diameter d = 100 nm
® ® @ & 0 0 a) Full periodicity a = 300 nm
b) Nanophononic.
® » & & & =
500 nm
@ % & & o 0

B. Graczykowski et al. Phys. Rev. B 91, 075414 (2015)



Frequency f (GHz)

Strongly modified acoustic dispersions
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Note that ky = g = 0.0105 nm ™! becomes a mirror axis: it is the BZ border, inducing folding

Note the presence of a band gap along I'X
Plenty of optic flat modes at higher energy in the nanophononic: less contributing to thermal transport



Nanophononic on the surface: from holes to pillars

(d)

X A= <>
= S
;,I aal | fad | fad Uniforme membrane with periodic Au
e i e nanopillars on the top
. [ =
500 nm [ i [1 l()J>
X,
What would you expect?
1) To see nanopillars modes and uniforme Si membrane modes
2)

Modified modes due to interference between nanopillars and membrane



Frequency f (GHz)
= o 2 8B 8 O
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Plenty of flat bands: Au local resonances
Strong velocity reduction for acoustic modes
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Going further nano: shifting the bandgap from GHz to THz

wa
Gaps around Wred = T ~ 05
With v = 4000 and a=1mm j‘> =10 MHz
v,, = 4000 and a=100nm j‘> w =125 GHz
v, = 4000 and a=10nm j‘> w=1THz

Masrura et al., Micromachines 11, 655 (2020)



Nanophononic graphene: a promising material for microelectronics

C
a C | L=8nm
M
L
L‘\u’W r > K
"~
"
b . =
' >~
N @
g
o =
o
. N ot
[ : .|P ) ' 1 e
p=25 nm
L=8 nm

Several full gaps in the THz range: no phonon

Hexagonal symmetry transmission there

Masrura et al., Micromachines 11, 655 (2020)



Phononic engineering: fancy applications



One way sound: the acoustic diode

VR If o is in the gap, it won’t go through the phononic
} | crystal (from left to right)
However, if it goes through a nonlinear medium
Jutput, 26 ) nput, prior to enter the phononic crystal, it will be
< Phononic crystal: - [ RS partially converted in its overtones: they can go
through the phononic crystal (form right to left).

Input, «

=~ | | Other strategies have been explored to create

Phononic crystal : Nonlinear medium No output

<_< acoustic diodes.

The challenge is to create thermal diodes, as thermal transport implies a large phonon energy spectrum.
Realizing a thermal diode is the necessary condition for realizing thermal circuits and use thermal flow as
we use electrical flow in microelectronics

Li et al., Nature Mater 9, 962—963 (2010).



hermal diode

A boron nitride nanotube with asymmetric deposition of
amorphous C4H,Pt.

D |¢ Pristine H—>L
Amorphous C9H16Pt |© Pristine L=H i

« After mass-loading H—L 2 AT, = temperature change after the nanotube

|& After mass-loading L—=H

3.0
AT, = temperature change before the nanotube

Nanotube

\t (K

For asymmetric nanotubes, higher thermal
conductances are measured when heat flows
from a high-mass region to a low-mass
region

15 ) 20

Note 1) C9H16Pt has negligible thermal
conductance: does not contribute
Note 2) BN is insulating: it’s a phonon effect

Chang et al., Science 314, 1121-1124 (2006)



Thanks for your attention !

valentina.giordano@univ-lyonl.fr
ILM @Lyon (FR)
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