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2>> Motivation

Fourier / Diffusive model
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3>> Motivation LLuns
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4>> Nanoscale Heat Transport ..

Boltzmann Transport Equation

Describes the non equilibrium evolution > BTE output
of the phonons (energy carriers). Phonon distribution function f(x, x,t)
Moment description
M;(x,t) = [K Kf (i, x, t)
l Thermodynamic output

Grad/Chapman-Enskog equations
Guyer-Krumhansl| equations

Heat Flux q

Temperature 1’
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5>> Kinetic Collective Model LLunB

Hydrodynamic Equations Slip Boundary Conditions
dT
Ta—q+q+K,VT:£2(V2q+2vv'Q) q-n=>0
ot Surface
/ l \ specularit
Relaxation Bulk Thermal Non Local
Time conductivity Length

‘ - Calculated from first principles.

A 4

- Material properties.

- Only depend on temperature.
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O6>> Kinetic Collective

urnBe

Universitat Autbnoma de Barcelona

COMSOL interface for solving thermal transport in complex geometries.

= % graph_phon_crys4.mph (root)
v () Global Definitions
i Parameters
:: Materials
= 9 Component 1 (compl)
b = Definitions
» A Geometry 1
b 2z Materials

= % Nanoscale Heat Transfer - Kinetic Collective Model (kcm)

> 2@ Initial Values 1

[ Hydrodynamic Heat Transfer 1

» & Slip Boundary Condition 1
Periodic Heat Flux Condition 1
Pointwise Constraint 1

S Temperature BC 1

MEnergy Source 1

S Equation View
b |@Heat Transfer in Solids (ht)
b £ Mesh 1

b~ Study KCM

b~ Study Fourier

- {E Results
b # Data Sets

2 Derived Values
> B Tables
b [ Temperature (ht)
b & Isothermal Contours (ht)

4
4
4
4

Label: ‘Hydrodynamic Heat Transfer 1
~ Domain Selection

Selection: Manual

|m

Active

+ Override and Contribution

~ Equation

Show equation assuming:
Study KCM, Time Dependent

g -

¢ZL+V-a=0

q+rg—?+kVT=IZ(V2q+2W-q)

~ Heat Transfer Parameters

Volumetric heat capacity:

Cy |CV

Thermal conductivity:

k [kappa(T0)
Hydrodynamic Length:

I [ela(T0)
Hydrodynamic Time:

T [50e-12[s]

J/(m?2-K)

W/(m-K)

First principles calculation of k, £, T

KINETIC COLLECTIVE MODEL Version 1.0

Running calculation of thermal conductivity on a 20x20x20 mesh
Temp[k] Kappa[W/mK] Sigma NL-lenght[nm]

1971
3670

0.
0.750
(0] 8

«133

6.277

.013 6
36.840 6.840

Calculation done

- Discontinuous Galerkin implementation
of the boundary conditions.

- Stabilization.

- Multiphysics coupling with Fourier
domains (metal domains).
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/>> Experimental validation ...

Heater on InGaAs substrate.

35 I T T
Experimental 265nm QO
30 —
Thermometer Heater line
25 - .
g 20 C ' .
|_
< 15 L i
O
10 + —
5 I |
@)
Qo

N X N N> ar a» a» * 0 | | |

-4 -3 -2 -1 0 1 2 3 4

Position (pum)

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.

Ziabari et al., Nat. Commun. 9, 255 (2018)
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8>> Experimental validation ...
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Fourier’s law cannot describe thermal transport in this setup. New equation is needed.

Ziabari et al., Nat. Commun. 9, 255 (2018)
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9>> Experimental validation s
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Kinetic Collective Model performs better to experimental data

Ziabari et al., Nat. Commun. 9, 255 (2018)

COMSOL Conference — Lausanne — October 2018



unBe

10>> Experimental validation ...

- At large sizes we recover Fourier model.
- The smaller the size, the larger the effect.

- At extremely small sizes, the model fails due ballistic effects.
Wicater=10pm Wiater=2pm Wiater=11m Woaier=0.55um Wiater=0.26m
wlhnmmur=5"m wltwrmnmer;q"m wthnrmmttrﬂum Wﬁumﬂmm:z”m
Spacing=1um Spacing=0.48um

wmlnmnmr:l“nm
Spacing=3um

Spacing=Ipm Spacing=1pm

AT(K}

Ziabari et al., Nat. Commun. 9, 255 (2018)
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11>> Experimental validation —ng

ANISOTROPIC BEHAVIOUR
Temperature gradient and heat flux are
339 not parallel because of the
contribution of the new hydrodynamic
335 term. This is interpretable as a vorticity
331 appearing.
327 E
323 & Wilson and Cahill. Nat Comunic 5, 5075
319 £ (2014)
315 § & e
311 | £ pump e
307 LI
303 o
299 T
295 R [ A
:s . Isolrop\ci
B:zam offset (io) ?
Torres et al. Phys. Rev. Mat., 2, 076001 (2018)
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12>> Experimental validation. s

Silicon Thin Films Region of applicability is indicated in gray.
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Beardo et al. submitted
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13>> Experimental validation. s

Silicon Phononic Crystals
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Beardo et al. submitted
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14>> Experimental validation

Suspended Silicon Structures

xlo6

c'nhén'nis:'»l'\u'—-cn—-wwhmm

KCM temperature proflle

|A 30
30
25
/ 20
w2
15
/ 10
wl 5
0
V 0
5 x10™®

Low thermal conductivity is
predicted in the narrower
constriction.

Temperature proflle along the Iongltudlnal axls
30

281
26
24+
221
20¢
18-
167
14F
12¢
10t
8t

—KCM
—Fourier |-

T (K)

6
4+
2+
0

5wl o0 w2 5 x10°
Position (m)

Experimental validation in progress by the Eindhoven
University of Technology.
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15>> Cconclusions LLurne

- Fourier law breaks down when describing thermal transport at reduced length and time
scales.

- Phonon hydrodynamics is a generalization of Fourier law obtained from the microscopic
description of the phonon population.

- Phonon vorticity and viscosity appear as phenomenological explanations for the thermal
behavior of nano scale devices.

- Numerical implementation of the equations in a COMSOL interface allows to predict heat
transport in nanoscale complex geometries.
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