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O Summary

 Introduction.

- From the phonons to the moments basis

J Hydrodynamic behavior of semiconductors

1 BTE calculations for hydrodynamic parametres
J New phenomena

J Conclusions
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INTRODUCTION:
THRERMAL TRANSPORT
AT THE NANOSCALE



B Fourier’s law
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B Fourier’s law
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K Geometry effects
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K Geometry effects

| IN3JINIY3dX3

-
@)
-
=
m
X

BOULDER, JULY 2022 UNrRB

Universital Autbnama de Barcedoma



K Geometry effects

Fourier does not work
In this region
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B Mecanical (Hamiltonian) vs Entropic description

The main goal of
the talk is to find
contact points!
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PHONONS VS MOMENTS BASIS



K Boltzmann Transport Equation

PHONONS

k equations for the k modes

0fk dfx _,..
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K Boltzmann Transport Equation

PHONONS

k equations for the k modes

dfx dfy fe = fi
Ik 2R T =
ot VAT T

BOULDER, JULY 2022 UnB
Universitat Autbnoma de Barcelona




B From phonons f(k, x, t) to moments Q™ (x, t)

Thermodynamic Phonon
energy energy

0 ORDER: Energy & Fox,0
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: Heat flux q(x,t)—fhookka(l(,x,t) 23
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2nd ORDER: Flux of the flux I 0@ (x,t) = fhwk(ﬁ-v_k’)f(&x, t) 23
T

\ \ d3k
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B From phonons f(k, x, t) to moments Q™ (x, t)

Thermodynamic Phonon
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B From phonons f(k, x, t) to moments Q™ (x, t)

Thermodynamlc Phonon K x t)
Heat flux Heat flux
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Thermodynamlc Phonon
Flux of the flux Stress T
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B From phonons f(k, x, t) to moments Q™ (x, t)

Oth ORDER: Energy I e(x,t) = fh Wi f (K x,t)

15t ORDER: Heat fl 1, dk
‘Thefﬁﬁodvnam f(K, * t) (21’[)3
Flux of the flux
d N d3k
2" ORDER: Flux of the flux I A, (Vg - ) f (x x, t) K
T
d3k

n"ORDER  [IICAE j hao @y T (1%, 0)

Moments are more easily to measure experimentally than
phonon abundances: Temperature, fluxes, etc...
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B From phonons f(k, x, t) to moments Q™ (x, t)

MOMENTS BASIS

PHONONS BASIS
Q") = ) v Ui e,

k

. |

MOMENTS EQUATIONS

k equations for the k phonons

n equations for the n moments
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B From phonons f(k, x, t) to moments Q™ (x, t)

af B f— 1o
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B From phonons f(k, x, t) to moments Q™ (x, t)
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B From phonons f(k, x, t) to moments Q™ (x, t)
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Bl Moments of the distribution
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Bl Moments of the distribution
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Bl Moments of the distribution
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Bl Moments of the distribution
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Bl Moments of the distribution
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Bl Moments of the distribution
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I (Pseudo)conserved magnitudes
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I (Pseudo)conserved magnitudes
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I (Pseudo)conserved magnitudes
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B Fourier’s law

-~ = —B, VT

THERMODYNAMIC EQUATIONS

BTE DISTRIBUTION FUNCT.
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K Guyer and Krumhans| equation

oT
Y157 = —V-q
_4 —7-Q®@ —B,VT
Tq
Q@
— — —B.V
To® B.Vq

THERMODYNAMIC EQUATIONS
oT

CVE
q=-AVT—AV-Q?

BTE DISTRIBUTION FUNCT.

+V-q=0

Q® = A,Vq
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K Guyer and Krumhans| equation

oT

S
|
]

NEW BOUNDARY CONDITION

GK is a second order PDE, a new
boundary condition is needed in
order to be solvable

BTE DISTRIBUTION FUNCT.
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I GK-ab initio formalism

r--------------------------------------------

Combination of the Guyer and Krumhansl equation with ab initio calculations
for the parameters in the framework of Kinetic Collective Model offers a full

predictive model for materials like silicon

| GUYER AND KRUMHANSL EQUATION |

oq
T+ q=—kVT +£2(V2q +aV(V - q))

[ BOUNDARY CONDITIONS | '
0q, é
= —ce—+*
q: o )

-
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KINETIC COLLECTIVE MODEL
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B COMSOL module
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EFFECTS OF THE
GUYER AND KRUMHANSL
TERMS



B Fourier’s law

TRANSPORT EQUATIONS HEAT-DIFFUSION

EQUATION
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B Fourier’s law
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K Memory term

Fast excitation changes T K 1

TRANSPORT EQUATIONS

MAXWELL-CATTANEO
EQUATION
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K Memory term

0.97

0.8; I MAXWELL-CATTANEO

0.7} I EQUATION
0.67 i

0.5¢
0.4f ||

0.31
0.27
0.1y

Temperature (K)

-5 0 x107°
Xx-coordinate (m)

BOULDER, JULY 2022 UnB
Universitat Autbnoma de Barcelona



Bl Nonlocal term

Steep spatial variations L < £

TRANSPORT EQUATIONS

oT
CUE-FV'CI:O

q = —AVT + £V?q
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Bl Nonlocal term
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APPLICATIONS



KCM VS KINETIC FORMALISM 1:

SIZE EFFECTS



Kl Hydrodynamic effects |: Boundaries

q=—AVT + £4(V?q + 2VV - q)

The boundary condition is applied directly to the
heat flux in a consistent way with respect to the
transport equation
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K Applicability of hydrodynamic ab initio model Iiﬁifﬁiiipu

11, 034003
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J. Appl. Phys., J N
91, 5079 (2002)

= \ ¥
(b) 400 * & Experiment 400 \ \ A B
\ A N\ Experiment # %
350. — KCM 350 AN N
—~ * —— Bulk — 300 NN ~N KCM -
g“é 300 * E|¥ % NN N~ Fourier -- ==
e E
o w=1.6um * |
F 2004 w = 1.6pm “ e
* ¢
150 * 100
100 — I
—  w=042um * 50
>%100 150 200 250 300 0
T(K) 100 150 , Ez(oo 250
(K) Song et al.
H — Appl. Phys. Lett.,
Silicon £ =180 nm | geLre Lff
BOULDER, JULY 2022 _unB




Bl Curved heat flow in MC, MD and FE
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Melis et al.
Phys. Rev. Appl., 11, 054059 (2019)
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KCM VS KINETIC FORMALISM 2:

THERMAL BOUNDARY RESISTANCE



K Thermoreflectance Imaging (TRI)

E Ziabari et al.
Nat. Commun. 9, 255 (2018)
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K Experimental Data

35 i i [ I I
Experimental 265nm O
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Position (um)

We obtain a thermal map of the surface of the sample using the optical setup.
Heater line and thermometer are also obtained using electrical measurements.
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K Fourier’s law test (l)

35 I I | | I [ . I|
K nomina
Kingaas = 5-4 W/m-K 20 O Experimental 265nm O
B 5 _
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line is overpredicted \
5 | u
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Using a finite element software (COMSOL) we test the validity of the Fourier’s
law using the nominal value of the thermal conductivity of InGaAs
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K Fourier’s law test (Il)
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Using a finite element software (COMSOL) we test the validity of the Fourier’s law
using a fitted value of the thermal conductivity of InGaAs to fit the heating line
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K Fourier’s law test (lll)
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Using a finite element software (COMSOL) we test the validity of the Fourier’s law
using a fitted value of the thermal conductivity of InGaAs to fit the thermometer line
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K Fourier’s law summary

35 | [ | | | [ . |
K nominal
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Conclusion: Fourier’s law cannot describe thermal transport in this setup.
New equation is needed.
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Bl GK equation
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Kinetic Collective Model fits better to experimental data
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I Kinetic Collective Model + Guyer and Krumhansl

QX At large sizes we recover Fourier model &
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K1 TBR vs hydrodynamics

™

KCM

depending on

3% % {““T“‘“”Non-local effects

£%V%q

Constant TBR

T
>
-‘E' N Sapphi trate
Z 3 H\E{
g [
o ~—_
g, 5 e R
€ 2f ISUSRURSRURUSSUURSRUROY SUURPIR U B BSNSSevee
€ L
> L
= H
T 1k
£ L
= L

0 L 1 Y 1

100 1,000
IIIII face contact size L (nm)

BOULDER, JULY 2022

(x1079 m2K W~y
~ ”n
T

rface

Effective intel

resistivity 1 ace

~

—_ S} w
| B TR

o
———

TBR

FOURIER

an
T

TBR
depending
on size

NP
100

L M|
1,000
IIIII face contact size L (nm)

urB

Universitat Autbmoma de Barcelona



O KCM-GK solution |25
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OBSERVATION OF
HYDRODYNAMIC
TIME SCALES



] Temperature decay of metalic lines
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] Two Box model / TBR and hydrodynamic relaxation times
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] Two Box model / TBR and hydrodynamic relaxation times
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SECOND SOUND
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EJ Frequency Domain Thermoreflectance (FDTR) [% Regner et 2.

Nat. Communic. 4, 1640 (2013)
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] Memory effects / Second sound

E Beardo et al.
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] Memory effects / Second sound
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] Memory effects / Second sound
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] Memory effects / Second sound
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I} Conclusions

My approach is fundamental He’s a phenomenological approach

I’'m pure He’s a wrong approximation to the field
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I} Conclusions

H 1AM YOUR FATHER

H and S approaches are connected!

OK S, BUT YOU SHOULD ACCEPT
| KEEP MY ROOM ORDERED
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I} Conclusions

0 Combination of Guyer and Krumhansl equation with ab-initio Kinetic
Collective Model for the transport properties allows the prediction of a
large set of experiments

O The possibility to solve this model in a Finite Element (COMSOL) allows the
direct comparison with any experimental setup despite its geometrical
complexity

O The large set of experimental data on silicon explained by GK with a single
abinitio set of parameters is an evidence in favor of a hydrodynamic regime
in silicon
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EJ Thank you
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